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ABSTRACT. For the evaluation of the so-called vibrational overlap integral in the theory 
of the relative intensities in a band system of a diatomic molecule various approximate 
methods have been proposed for obtaining the ‘vibrational wave functions. The ‘ distorted 
wave’ method of Gaydon, Pearse and Pillow is here discussed. For the case of Morse 
oscillators an approximate method is suggested that enables the integrals to be evaluated 
semi-analytically. "The method is applied to the calculation of the relative intensities of the 
second negative bands of O,* studied recently experimentally by Feast. A procedure for 
applying the WKB method to find the'vibrational wave functions of an anharmonic oscillator 
is also given. A general exact relation involving the vibrational wave functions of two 
electronic states and their potentials is given which may be used as a check for the accuracy 
of the approximate wave functions obtained by various methods. 


§1. INTRODUCTION 


N many problems involving the estimation of the “temperature of the 
emitting gas (stellar atmosphere, aurora, night sky) from the relative 
intensities of the bands of a molecule it is necessary to have a theoretical 
knowledge of the relative transition probabilities for the various bands in a 
band system. ‘The theory of these relative intensities is well known. ‘To the 
approximation in which the dependence of the electronic moment of the 
molecule on the nuclear motion is neglected, the relative intensities of the 
bands of a system contain as a factor the square of the following so-called 


overlap integral, 
In'o's n*o")= | toltWarvlt) dr, tees (1) 
0 


where %,,,(r) is the vibrational wave function of the electronic state n’ and the 
vibrational state v’, r being the nuclear separation, etc. While one must bear 
in mind the ‘approximate nature of the theory in which the relative intensities 
contain as a factor the square of J(n’,v’; n”,v"), it is nevertheless useful to have 
a fairly accurate but not too laborious method of evaluating the integral (1). 


* Contribution from the National Research Council of Canada. 
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In those cases where laboratory data on the relative intensities of the bands in 
a system are available, a comparison with fairly reliable values of the integral (1) 
will at least indicate the extent to which the’approximation (neglect of dependence 
of the electric moment on the nuclear separation) is valid, whereas ‘no definite 
conclusion can be drawn from a comparison with admittedly rough estimates 
of the integral (1). Various methods for the evaluation of (1) have been 
proposed by various authors. ‘The purpose of the present ‘note is to discuss 
some of these methods and to suggest the procedures of two approximate 
methods that are free from the objections to the prevalent one used by many 
authors. 
§2. THE METHOD OF DISTORTED WAVES 

Let us first consider the procedure of Pillow* (1949, 1950, 1951) for 
obtaining an approximate wave function of an anharmonic oscillator from 
the corresponding wave function of a harmonic oscillator. ‘The procedure 
consists in (i) locating the ‘centre’ D of the anharmonic potential (for a given 
state v) defined by that‘node or that maximum or minimum of the wave function 
%y(7) which corresponds to the centre of the harmonic oscillator, (11) distorting 
the wave function of the harmonic oscillator by displacing its centre to D, 
~ compressing the abscissa to the left of the centre by the ratio DE/AB and 


stretching the abscissa to the right by the ratio DF/AC, as indicated in the 
figure. The advantage of this ‘procedure is obviously the ‘availability of the 
wave functions of the harmonic oscillator. For transitions involving only the 
low vibrational states of both electronic states this procedure may be expected 
to be fairly satisfactory. 

In principle, however, this procedure has the following disadvantages, 
which are the ‘more serious the higher the vibrational states involved: 

(1) The wave functions so obtained for the various vibrational states of the 
anharmonic oscillator are obviously no longer orthogonal, that is 


[Yoel dr #0. 


This lack of orthogonality will introduce some error in the relative values of 
In, oO nee" 


* The method described by Pillow is a refinement of one first suggested by Gaydon and Pearse 
(1939). As Pillow’s procedure has removed some of the most serious objections that can be raised 
against the original method, we shall confine our discussion here to the’procedure described by 
Pillow (1951), 
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(ii) Consider next the amplitude of the vibrational wave function. For 
any state v the function y¥,(r) should have a greater amplitude near the outer 
turning point 7, (F in the figure) than ‘near the inner turning point 7, (E in the 
figure). ‘This is a consequence of the general shape of the potential curve which 
is steep at 7, and flat at r,. Now the'wave functions obtained by the distortion 
procedure described above have the same amplitude near both turning points.. 
It is seen that the error introduced on this account increases as the vibrational 
quantum number increases. 

(iii) Consider finally the ‘centre’ D of the ‘actual potential V(r). As the 
integral (1) depends quite ‘critically on the overlap or‘phase relationship of the 
two wave functions y,,,,(r) and (7), it is important that the’phases of the wave 
functions of the various states be accurately determined, The recent work of 
Pillow achieves an important refinement of the earlier procedure of Gaydon 
and Pearse (1939) in allowing for the “displacement of the distorted wave 
functions to the centre D of the actual potential.* In principle, the centre D: 
for any state v can be located for the Morse oscillator, but it is seen from the 
wave function (5) that for the state v one has to obtain the roots of an equation 
of degree v. If one plots the wave functions (5) to determine the centre D, one 
already has the wave functions y,(7), and there will be‘no need for the ‘ distorted’ 
wave functions. The plotting of the wave functions (5), however, for a large 
number of states v is the ‘lengthy calculation that we wish to replace by 
approximate methods. 


§3. A GENERAL RELATION 


We shall now first give a general relation involving the vibrational wave 
functions (7), %y(r) of two electronic states with potentials V,,(r) and 
V(r). The Schrédinger equations are 


OY vy Bry 


dr? oy “he [Evy i VAT) we mal 0, 
d® ne" 8a? 
- Be pas LE ry a VA) bry — 0. eee ee % (2) 


On multiplying the first equation by ¢/,,(r), the second by ¢",,y(r), subtracting 
one resulting equation from the other and integrating over the coordinate r, 
one obtains the relation 


ie 6) iva) 
(Evy ia En") iF Pry Pnry” dr= [ Pl Vy ra Vive bare dr, ey sisiemare (3) 


which is exact.. While eqn. (3) cannot be used directly for the evaluation of 
the integral I(n’,v'; n”,v"), it is a useful relation that serves as a’check for the 
accuracy of the approximate wave functions %,,, #,,, that have been obtained 
by various approximate methods. 


* It is stated by Pillow (1951) that ‘the distance a(OD) (see her fig. 3) is given, up to the firs}’ 
power in xg, by the relation a@(OD)=(v+1)xe, so that the locus of D for the various states v it 
nearly a straight line. Calculation with the wave function (5) for the Morse oscillator showss 
however, that the distance a(OD) increases by more than x, for each unit increase in w for large v, 
as shown below : 

v 0) 1 2 3 9 
a(OD)/xe 1 2 ~3+2 ~44+3 ~13 


Thus the locus of D bends towards larger 7 as v increases. This bending is very great for large v. 
63-2 
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$4. MORSE OSCILLATOR 
For many molecules it is convenient and sufficient to represent the potential 
of a given electronic state by a Morse function 


Vay=DilS exp. —at—7)))* a ee (4) 
It is well known that for this potential the wave functions are given by 
a h('2t) SIN go-2207 DE aaa) Se eee (5) 


where x,z =exp {—a(r—r,)}, B=xo1-2v—-1, «x,=hac/4D, 
s (—1)F (8 +0+1) gh, 

LP 4a(2) = Al Shoe A)ID(BtR+1)~ 
Let us denote the various quantities in (5) for the two states n’,v’ and n’,v” 


by a single and a double prime respectively, and let us choose 2’ as the variable 
in the integral (1) and omit this prime from 2’ for brevity. Then 


dr = —dz' Jaz’ = —dzja'z, 2" =&2", 


N,?=apvo!/T(B+v+1). 


be 1 , ” / 
where c= a7 (x exp iar, =F, Pee ie. oe eae (6) 
is) 


‘The integral (1) can then be shown to be 


I(n', vy’ : n’, v") 


=(—1)rte MeN erpey'1 = & (= 1B BO" IQ, W) oe (7) 
“ +v’') ; (B' +0") 
where Biv’, AV, M@oul? Bw een aan ee (8) 
(B+v),=(B+v)(B+v—1)....(B+v—-At+]), — (B+2)o=1, 
and 2 KA, uw) = i exp {— dee) ) se" ds, ge eee (9) 
P= aor + hy -1-M $y) Ay ery (10) 


The integrals J(A,) in (9) cannot be evaluated in ‘analytic form in general. , 
While a numerical or graphical evaluation is possible, the large number, 
(v'+1)(v" +1), of such integrals involved in a transition v’, v” makes such a 

“procedure impracticable. The following method is here suggested. The 
integrand in (9) has a rather ‘sharp maximum at 2, given by 


Zot CVS pH 2h ee eee (11) 
and falls off rather symmetrically for s<z) and s>29. Nearly all the contribution 


to the integral (9) comes from the neighbourhood of x). Let us replace the 
- integrand for z>2, by a gaussian function 


G,(2) =A exp{—a;"(e eg) ee ee (12) 
with A equal to the maximum value of the integrand at 9, namely, 
A =2 ? exp {—4(%+ €2y”)}, 2 ies Sees ee (13) 


and «,* so chosen that at a point 2, where the integrand falls to $4, G,(z,) =44- 
This condition gives the relations 


z(eq—1) + €2,"(e;? =k) = 2p Inter ae? I (14) 
o2= In 2/a%ep—1)%, “a =ajayod. © = eee (15) 


Vibrational Overlap Integral and Band Intensities 969 


Similarly, for the ‘region z<z), we replace the integrand in (9) by 
G,(z) =A exp {—4,?(z—2)?}, with a2 given by 


gl 1— 1 + €297(1 —«,-”) —2p fe See 2 In 2.  soswse (14a) 
Ey Mh) 


: 
a2 = In 2/z92 (1 aS =) see cate el eee lew ah a ake cays (15 a) 
2 


The integral (9), in which the integrand has been approximated by G,(z) for 
%<2, and by G,(z) for z)<x, can be evaluated in 4 simple form, and by means 
of (13), (15), (15a) one obtains 
aru \ U2 1 i 
(A, p) =4 (5) (« -- =) Bo exp {= $(294 E29 Jt «+e o es (16) 

The accuracy of this approximation has been tested for the case of the second 
negative bands of O,*, which we shall describe more fully below. It is found 
that the value given by (16) differs from the Value of the integral (9) obtained by 
graphical integration by less than one per cent. 


Table 1. Molecular Constants of the a?II,, x*II, States of O,t 
(Feast 1950) in (4) and (6) 


State r. (A) i, a Deaic(em~*) 
1 (ed Wie) 1-4089 0-:01525 Dory NO? 14740 
“(x*I,) 171227 0-00882 AS) SR NO 53200 


y=1-11,  £€=0°50 


Table 2. Calculated Squares of I(n', v'; n”, v") according to (7) and (16) 


Visual estimates of the’ relative intensities of the second negative bands of O,* given by 
Feast (1950) are given in parentheses. 


v" 0 1 2 3 4 5 6 
vy’ 
0 3-0 x 10° 5-8 107? 0-45 2-21 8-02 16-2 87:5 
(8) (7) 
1 2.3, 10-* 0-39 2-49 9-8 28-2 26°5 
(3) (5) (6) 
2 0-12 2°27 7:30 23-6 31-5 
(1) (2) (7) (8) 
3 0°35 3-45 14-2 48-4 70 
(1) (2) (8) (7) 
4 0-81 6-96 18-7 135 
(3) (6) (7) 
5 1-63 12-0 
| (2) 
6 1-88 


To illustrate this method, calculation of the integral (1) has been carried 
out for the second negative bands of O,* recently studied by Feast (1950).* . 
The empirical data for the two electronic states are given in table 1. In table 2 
are given the values of the square of the integral (1) calculated according to (7) 
and (16). The visual estimates of the relative intensities of the bands given by 
Feast are given in parentheses in table 2. It is seen that while no quantitative 
comparison can be made, the general intensity distribution observed ‘agrees 


with the calculated. 
* The author is indebted to Professor Pearse for suggesting the calculation for these bands of O,*, 
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It may be of interest to describe the ‘actual procedure found most convenient 
in the calculation. From the empirical constants in table 1 and by means of (10) 
the values of p corresponding to various values of A, w (A=0, 1,.... 03 
pe=0,1,...., v") are tabulated in a two-dimensional (A, ) table. By means of 
tables of logarithms* the values of z9 given by (11) are found for these values 
of p(A,u). The values of Inz) and }(z9+&%”) are next tabulated in this 
(A, 2) table. By means of (14) curves of «, and 1/e, as functions of p are 
calculated, and from them a curve of In (e, —1/e,) as a function of p is obtained. 
This curve is practically linear. Finally, since 


In I(A, ») = $ In (7/In 2) + In (- *) —4(z9+&29”) + (p+1)Inz,—In2 ..(17) 
Se) 


the logarithms of J(A,) are tabulated in the (A,pu) table. A useful check 
against accidental ‘numerical errors is to plot In J(A,u) for constant A+p 
against p. These should be smooth curves. 

Next the logarithms of m!, (1/x,’/—1), (1/x,’—2), etc., are tabulated, from 
which one forms the arrays of 


In B(v’, A) =1n (6 +0’), -—In A! —In (v’ —A)! (18) 
In B(v", uw) =In (8 — 0"), —Inu!—In(w”—p)!—-piln€é | 
for all v', v’, and A=0, 1,...., v', w=0, 1,......, 0”. From the (4 2) tablesee 


the tables (18), the logarithm of each term in the sum (7) is calculated. 


§5. WKB METHOD 

The method described in the last section depends on the use of the ie 
potential. In some cases, such as Hg, it is not possible to ‘represent, by means 
of the Morse potential, the observed Vibrational levels up to high vibrational 
quantum numbers, together with the fundamental frequency w, the anharmonicity 
factor x, and the dissociation energy D. In such cases a numerically constructed 
potential or a function containing more adjustable parameters becomes 
necessary. ‘l’o obtain fairly good vibrational wave functions in such cases 
the Wentzel-Kramers—Brillouin method* seems the “most practical one. 
According to this method the vibrational levels of an ‘oscillator with the 
potential V(r) are given by the equation 


ib Pir L0Lhe” 2, (19) 
hack Pa) & (2u)* (8, Gy le) oe (20) 


The wave function for the state v is given for the various regions indicated in 
the figure by the following expressions: 
Region I, r<r, 
Py(r) = NP 1? exp {— O(r; 14)}, 
Region ll Far sre 
bral’) =2NyP 1? cos {Q(14; 7) — 3a} = 
top(7) =(—1)°?2N,P-*? cos {O(r; %)—4a},9 eee (21) 
* Such as the Tables of Natural Logarithms, Work Project Administration, New York. ‘The 
~values of the sum in (7) are usually small compared with the individual terms. Hence it is necessary 


ito retain six figures after the decimal in all the logarithms. 
* See, for example, Condon and Shortley (1935).) 
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Region ITI, 7.<r 
Pin(r) =(—1)°"N PP” exp {— O72; )}, 
- where Or; 7) = | P(r) dr, etc., 


and JN, is the normalization constant. The smooth joining of the two expressions 
for the wave functions in the region IJ is guaranteed by the condition (19).; The 
sign (— 1)” in (21), (23) also follows from (19). 

The functions in (21) are good except in the immediate neighbourhood of 
the turning points 7, and 7,, at which they diverge. In the immediate 
neighbourhood of each turning “point, however, the “potential V(r) can be 
replaced by a linear function of 7, ie. 


2 
near ry, PXr)=C(r—14), oa ie Eh 
if 
gtd eae aes tens det (22) 
near 7s, P(r) =D, —7), sh iearace Gani 


For such potentials the Schrodinger equation can be solved exactly and the 
solutions are Bessel functions of order } and —4. These solutions must be 
joined on to the solutions (21), which are valid beyond the immediate 
neighbourhood of 7, and r,., This condition of smooth joining determines the 
multiplying constant in these functions and also the values of the wave function 
at the points 7, andr... The wave function for the various regions is then given 
as follows : 


Region I 
bir)<—>N, bee vat | Ky{Q(r; n)}ON,CA"® at r=n. 
Region II 
2nQ(1r15 7 
bN,,C-18 <> N,, ar . [Frjs{ (71; 7)} 


+ JI _1/3{O(14 5 ) r)}] Saar t1a(7) Rete 


dal) <—> (—1)°N, | ERE | er slOlrs v0) 


Fist OU"; To) $1 <> (— LPN DW atr=ry eee (23) 
Region III 
: es an : 
(—1)*2N,D-™* <—>(—1)"N, " Kyp(Q(23 1} dm 
where b = (dar) Ur! a a = 1°26, 


The wave function given in (23) looks more complicated than it actually 
will be in the calculation.\ For a given potential V(r) and any given vibrational 
state v one plots P(r) in (20) and obtains the functions Q(7; 7;), Q(71; 7), etc., at 
suitable intervals of r by means of a graphical integration (with a planimeter, for 
example). The functions (¥(7), (7), %rmm(7) and the Bessel functions are 
readily calculated since they are “analytic functions that have been tabulated. 
In the actual calculation it is sometimes even possible to join the wave function 
4(r) and y%q,(7) smoothly over the'singularity r=r, by making use of the finite 
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value bN,,C-"6 at 7, without using the solutions involving the Bessel functions 
at all. Similarly for the point 7. This procedure can be carried out to a good 
approximation after one has some ‘experience with the behaviour of these 
various functions from a typical ‘calculation. The normalization factor N, is 
finally determined by another graphical integration. 

The wave functions obtained by this WKB method can be “expected to be 
better than those obtained by the ‘ distortion’ method with regard to the ‘phase 
relationship for the functions of various vibrational states and to the amplitude 
near the two turning points, Application of the procedure to certain bands 
of C, and CN of astronomical interest has been made by Wyller* (private 
communication). The result obtained seems better than that obtained with the 
use of the distortion method. 
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ABSTRACT. An approximate method has been used to calculate the elastic total and 
differential cross sections for p-—d scattering, at incident proton energies of 150 and 
240 Mev. A nuclear interaction has been assumed of a type suggested by Jastrow, 
containing an infinite repulsive core in singlet two-body states. Of the various 
phenomenological interactions, this agrees about the best with the high energy n—p and 
p-p scattering data. The calculated angular distribution near 90°, in the centre-of-mass 
system, is found to be of the right order of magnitude, but agreement with experiment 
in the forward and backward directions is poor. An explanation of this result is suggested. 


§1. INTRODUCTION 


EVERAL Calculations of the high energy n—d scattering cross section have 
been reported in recent years (Wu and Ashkin 1948, Chew 1948, 1951, 
Bethe and Gluckstein 1951, Bransden 1951, to be referred to as I). Little 

agreement with experiment has been obtained, mainly for the reason that no 
direct evidence as to the nature of the neutron—neutron interaction is available. 
The potential functions representing this interaction, in these calculations, are 
therefore probably in error (indeed they are certainly in error if it is assumed, as 
seems likely, that the neutron—neutron and proton-proton interactions are 
identical). Recent experimental determinations of the elastic proton—deuteron 


* Results obtained by Mr. Wyller were reported in a meeting of the American Astronomical 
Society, Victoria, B.C., in June 1952. 
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scattering cross section at 90, 150 and 240 Mev (Stern and Bloom 1951, Pickavance 
et al. 1951, Schamberger 1951) suggested that a calculation of this cross section 
would be of interest, using an interaction that reproduced the main features of 
proton—proton scattering. 

The proton—proton collision cross section, although approximately indepen- 
dent of the angle of scattering, is too large to be due to pure S-wave scattering, 
unless internal changes take place in the colliding protons, as has been suggested 
by Breit (1951). Several interactions have been proposed that give results in 
approximate agreement with experiment, namely a singular tensor interaction 
(Christian and Noyes 1950), a singular spin-orbit coupling term (Case and Pais 
1950) and an interaction containing an infinite repulsive core (Jastrow 1951). 
‘The common feature of these interactions is that at short distances they represent 
a short-range singular repulsive force. Perhaps the best agreement with 
experiment is given by Jastrow’s interaction, which also may be able to produce 
saturation in heavy nuclei, and this interaction has therefore been used in the 
present calculation to find the proton—deuteron cross sections at incident proton 
energies of 150 and 240Mmev. Jastrow’s interaction has the further advantage 
that it probably enables charge independence to be preserved. ‘The calculations 
were not extended to cover the 95 Mev experimental data as the approximate 
method employed would certainly be in serious error at such energies. 

Previous calculations of the elastic p—d scattering cross section have been 
reported by Chew (1951), using his impulse approximation. He found fair 
agreement with the 95 and 240 Mev experimental results in the forward direction. 
Instead of assuming an interaction as in the present work, the measured n—p 
and p-p cross sections were used. 

Other calculations at 240 Mev were made by Auerbach and reported by 
Schamberger (1951). Auerbach used Born’s approximation and assumed three 
alternative proton—proton interactions which, however, were inconsistent with 
the experimental p—p scattering data and, as expected, the calculated and 
experimental results did not agree. 


§2. GENERAL THEORY 
The interaction suggested by Jastrow is of the form 
V*(r) =; r<71 
=e EXD 1 Ur —Tohiteh Toto. obs (1) 
V*(r) =Vo {at (1 — a) Mys + {b+ (1 — 4) Myo}ySq9} exp (—1/r4), 
where V* and V* are the two-body singlet and triplet interactions respectively, 
My, is the space exchange operator, S,.=3(o,.1r)(6,.1r)/r?—o,.6, is the tensor 
interaction operator and 7, =0-6 x 10-"% cm, 7, =0°4 x 10-8 cm, 7, =0-75 x 10-8 cm, 
a=0-°5, b=0-3, y=1-84, V,S=375 Mev, Vo’ =69 mev. 
The wave function of the three-body system may be written in the resonating 


group form 
Batt; 2, 3) =(1 = Py2)f(1, 2, 3), 


6 
eS eet Xo(u)My'(r)o(1, 2, 3), 


where P,, is the operator exchanging all coordinates of 1 and 2 and where if 
r,, f2, fs are the position vectors of protons 1 and 2 and neutron 3 respectively, 
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u=r,—rs, r=—r,+4(ro+rs). xXo(v) the ground state wave function of the 
deuteron was approximated by the gaussian function 


Xo(w) = (477) 1?.N, exp (— Au), 


with N= {0-295/1(3/2)}?, A=0-0726 x 10?6cm™~* and o(1,2,3) represents the 
six possible spin wave functions for elastic scattering listed in I. The wave 
equation is 
(-v 1 TEV A+ V(e)+ Mu) +My) -£) FU 2S he) (3) 
mw’ -4mM" 723 5. eewneeeae 

where v=r,—r,, t=r,—r, and EF the total energy is connected with the wave 
vectors kp, k,, of the incident proton before and after scattering by the relation 
E=4Mbk,?2/3h? =4 MRk,2/32?. 

The wave function (2) may be substituted into the wave equation (3) and 
expressions for the scattering amplitude f*'(6, é) obtained as described in I. 

It is found that the expression for the amplitudes corresponding to quartet 
and to tensor scattering, does not contain the two-body singlet potentials V*. 
Born’s approximation may be used in calculating these amplitudes, and the 
calculation follows the course described in I, with the exception that as the radial ~ 
variation of the potential well is exponential rather than gaussian, a number of 
the integrations cannot be performed analytically, but have to be computed 
numerically. 

The expression for the doublet amplitude, on the other hand, depends in the 
main on the singlet two-body potential V*. It may be written 


f(0, 4) = —(M/3mh®)[{L,5-+ 1.8) + HL.7 + Le) —3L 3), oe. (4) 
where the integrals L are defined by 


L,8 = | xo%(u)V (0) exp (—ik, .n)Fo(r) dr du, 

Ly* = | xo(u)xo(2)V “(t) exp (—ik,, .n)Fy(r’) de du, 
L,7=[xo%(u)V"(e) exp(—ik, -r)F(r)drduy be, (5) 
Ly" = { xo(u)xo(v) V(t) exp (—ik,, «r)Fy(r’) de du, 

Ls" = | xo(u)xo(2)V"(u) exp (—ik,,.) Fy(’) de du, 


where ro =—ry,+d(r,4+P8s). 

In Born’s approximation, f(r) is replaced by a plane wave exp(ik,.r). 
‘This replacement cannot now be made in view of the singularity in V* at small 
values of t. Even if a non-infinite potential were considered, it would be 
impossible to reduce the product r9V% to such a value that Born’s approxi- 
mation might be applied, without destroying the agreement with the p—p 
scattering data. j 

It may be observed that (a) as the deuteron has an ‘extended structure’ and 
as the radius of the repulsive core (0-6 x 10-1 cm) is small, each scattering centre 
in the deuteron may be considered to act independently at high enough energies, 
at least as far as the core is concerned; (b) the main contribution to the integrals 
L, and L, derives from regions where |t| is small. With these considerations 
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in mind, it was decided to approximate the functions F,(r) by F/(t), and F,(r’) 
by F)'(—t), in the doublet integrals L, where 


Fy (t)= 2. (2n+-1)i* exp (%,) Li (t)P,,(co0s0);.- sass. (6) 
n=0 

cos 0=(k,.t/kot), and L,,(¢) and »,, are the radial wave functions and phase shifts 

for scattering by an impenetrable sphere of radius 7, (Mott and Massey 1949) 


L(t) =(S7rhot)'*[ cos 7 Fn +1)o(Rot) + (— 1)" sin 7, J nap(Rot)], t>7o (7) 
=0, - t<T1o on 
and My =tan*[(—1)" tT, 4 1)0(Ro%o)/F—n—s12(Ro7o)- 
For large r and t Fy'(t) has the correct asymptotic form 
Fy (t) <exp (tkoz) +11 exp (tRor)f(9, 4). 

Substituting the expressions (6) and (7) into the integrals (5) and changing 
the variables of integration from r,u to t,u, the integrations over the angular 
variables and over « may be performed analytically, and the remaining 
integration over ¢ can be carried out numerically. In practice it proved 
sufficient to take only the first four or five terms in the series (6). 

To obtain some estimate of the size of error arising from the above approxi- 
mation, the singlet p—p scattering cross section has been computed at 340 Mev, 
by replacing F,(r) in the matrix element fexp(—7k,,.r)V(r)F,(r) dr by Fy’(r) and 
fair agreement has been found with the results of Jastrow, as is seen from the 
table. 

Angle in c.m. system (°) 0 10 20 40 60 80 90 
ae Oe Lemme NA 7°8 ay) 2-0 ibs 25 3°6 
ByAO=* cm 8°5 TA 4-3 0-7 ag) 3-0 S23 


A: calculated by replacing F,(r) by Fy’(r); B: Jastrow’s results at 340 Mev. 


§2. NUMERICAL RESULTS 


The differential and total elastic cross sections for proton energies of 150 
and 240 Mev were computed in the manner outlined above. ‘The differential 
cross sections are compared in figs. 1 and 2 with the experimental data of 
Pickavance et al. (1951) and Schamberger (1951). The calculated total cross 
sections are: fig. 1, at 150Mmev, op=3-4x10-%cm?, fig. 2, at 240Mev, 
op=0-97.x10-** cm?. . 

The largest contribution to the cross section comes from the integrals L,° 
and L,° which contain the singlet two-body potentials. ‘The quartet scattering 
amplitude contributes significantly in the forward direction only, accounting for 
a third of the cross section at 0°. 

Comparison of the experimental and calculated cross sections shows that in 
(a) the calculated scattering near 90° is too large, but shows a flattening of the 
cross section similar to that indicated by the experimental data; (b) experimentally 
there is no evidence for the maximum at 180° in the centre-of-mass system shown 
by the calculated results and the calculated forward scattering is seen to be too 
small; (c) if Schamberger’s differential cross section is integrated over the 
scattering angles, the experimental total cross section at 240 Mev is, at the least, 
of the order of 1:2 x10-®&cm?. This is of the same order of magnitude as the 
calculated cross section of 0:97 x 10-26 cm?2, but the total cross section at 150 Mev 
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appears to be too large to be consistent with the experimental data, the total 
cross section at 95 mev being about 2:4 x10-%6cm? (estimated by Pickavance 
et al. 1951, from the data of Stern and Bloom 1951). 

It is of interest to note that the cross sections calculated using potentials 
without a repulsive core (I, Wu and Ashkin 1948, Chew 1948, Auerbach 
(reported by Schamberger 1951)), are in error in the opposite sense to (a) and (0), 
the scattering in the forward direction being too large and the cross section at 
90° being far too small. The approximation used in finding the doublet amplitude 
may considerably overestimate the effect of the repulsive core for the following 
reason. Consider the integral L,5 which is the most important factor at all 
angles. If the core is absent and Born’s approximation is made, then | Fas 
contains as a factor {duy,2(u) exp {i(ky—k,,).u/2}. This depends only on the 


12 
a= 
oF 
¢ 
¢ ¢ 4 r ; $ 


wo 


Cross Section (x10"?”cm?) 
a 


Cross Section (x10 cm?) 


See eet SIE ees EE oe a, 
0 30 60 90 20. ~«+150 ~——«*180 0 30 60 90 120 150 ‘180 
Angle of Scattering in Centre-of-Mass System (deg) Angle of Scattering in Centre-of-Mass System (deg ) 
Fig. 1. Comparison of calculated and Fig. 2. Comparison of calculated and 
experimental angular distributions experimental angular distributions 
for n—d scattering at 150 Mev. The for n—d scattering at 240 Mev. The 
experimental points are taken from experimental points are taken from 
Pickavance et al. (1951). Schamberger (1951). 


ground state wave function of the deuteron and on the momentum transfer 
|ky—k,,|. With yo(u) =(47)-"?.Ng exp (—Au?) it is proportional to 


exp («| Ko —k,,]). 


Even if Born’s approximation is not made, Chew (1948, 1950, 1951) has shown 
that the scattering amplitude contains a ‘sticking factor’ of this type at small 
angles; at large angles this may not be true as the scattering is then of the three- 
body ‘pick-up’ type that has been discussed by Chew and Goldberger (1950). 
Making the approximation of replacing Fy(r) by F'(t), the corresponding factor 
for L¥ is J duy,?(u) exp(—7k,,.u/2) which is proportional to exp(—«k?) and is 
independent of angle. ‘This approximation would be expected therefore to 
overestimate the scattering at large angles and underestimate that in the forward 
direction. 

It cannot definitely be stated whether or not Jastrow’s interaction is capable 
of explaining the three-body collision problem, but it is encouraging that the 
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calculated scattering around 90° is of the correct order of magnitude and shows 
a flattening similar to that indicated by the experimental results and therefore 
represents a definite improvement over the previous calculations using non- 
singular potentials. 

To conclude, it appears that more refined, and of necessity lengthy, calculations 
are needed in applying Jastrow’s or similar interactions to three-body problems 
and until the two-body potentials are known with more certainty it would not seem 
profitable to attempt this work. 
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Coherent Scattering of Gamma-Rays by Bound Electrons 
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ABSTRACT. ‘The coherent scattering of high energy gamma-rays by bound electrons in 
light atoms is investigated. ‘The bound intermediate states of the electron are expanded in 
terms of free states and potential scatterings. It is found that not only the zero-order term 
of this expansion, but also the first-order term, must be kept, and that the latter is actually 
the larger of the two for large momentum transfer. 


Sie IN TRODUE TION 

E have made an estimate of the amplitude for coherent scattering of 

high-energy gamma-rays (tw>1Mev) by light atoms. Contrary to 

what might be expected, we conclude that it is essential to include 
both the zero-order and first-order terms in the Born expansion of intermediate 
states. In other words, one must take into account the binding of the electron 
in the intermediate state to first order. Thereafter the subsequent terms seem 
to decrease as successive powers of Za. 
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§2. DERIVATION 

We follow the notation and methods of Feynman (1949) and deal only with 
scattering by one K-shell electron in an atom. We consider the scattering of — 
photons with momentum q, energy gq, polarization vector e, the emitted photons — 
having momentum q/, energy q and polarization vector e’, such that both g and 
Aq(=|4q-— |) are large compared with m, the rest mass eh the electron. The | 
zero-order term in this Born expansion of intermediate states, after the neglect | 
of various relativistic effects, gives the usual form-factor (Franz 1935), which is _ 
(using the Dirac wave function for one electron) 


Zam sin {2y tan! (Ag/2Zam)} 


See nee 1) 
oy Agil + (Agi2Zamy 
where y =(1—Z?«?)"?. This reduces, for Ag> Zam and Za <1, to 
4 ZOKU 8m 
Fy On (St) 2% (14 x): mer Pi: (2) 


The quantity occurring naturally in our perturbation calculation is the transition 
matrix element, of which the zero-order term Ag is related to the form-factor by 


A,=(Cre [peg ese), ee (2 a) 

The relativistic terms neglected in the derivation of (1) have been discussed 
by Levinger (1952 and private communication), and his results show that their 
effect is to increase Fy by a quantity of order Za(Ag/m)Fy when Aqg<m. The 
corresponding corrections when Aq>m are not yet known. 

We perform the calculation for a K electron only, because the K shell 
contributes the largest part of the scattering. One of us (J. B. W.), as well as 
Rohrlich and Rosenzweig (Levinger, private communication), has calculated the 
form-factor for the whole of the L shell and estimated that the zero-order con- 
tribution would be about one-eighth that of the K shell for large values of Ag. 

The first-order term is obtained by using K (2,1) (Feynman 1949, eqn. (13)) 
in place of K,(2,1) which was used in obtaining Ay. [In this notation K _,(2,1) 
may be defined by K,(2,1) =(z/167*) [ (p —m)~1 exp [ —1(p,*1,,— P,Xo,)] d4p, where 
p stands for p,y,, with the summation convention a,b,,= @4b4— @,b, — ayb. — agbs. 
The other symbols in bold italics throughout the paper are similarly defined. 
Our y,, differ from Pauli’s by a factor 7 for »=1, 2, 3. In eqn. (4) we shall make 
use of the three-dimensional Fourier transform Ze?y,/(27?k?)— of the electrostatic 
potential V= Ze?y,/r._ Hencek will only have components with suffices 1, 2 and 3. 
P, q and q’ involve the momentum components and energies of the bound electron 
in its initial state, the incident photon and the emitted photon respectively.| 
As a result 


A, = | d3x" d4x! d4xpb(x" A! (x")K ,(x" — x") V(c')K (20 — x) A(x)h(x) 
+ term with interchange of photon operators. ...... (3) 
Here A(x) is the vector potential of the incoming photon and A’(«”) that of the 
outgoing. In terms of momentum variables 
Ay = ~(8n*Zet/q) { dp dip +Aq+ k)le'(p+q-+R—m) yy kp +q—m)> 
+e(p—q' +k—m) yk *(p—q'—m) te }i(p). ...... (4) 
It is important to note that p,, which appears in the denominators of (4), is just Hy, 


the total energy of the bound electron, and this gives rise to the possibility of these 
denominators vanishing. 
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On account of the singularities the integral is defined by replacing m in (4) 
by m—te, where « is small. ‘Then, in addition to the principal value of the integral, 
there is an imaginary part which is obtained by taking 7 times one-half of the 
residues. This represents coherent scattering which is 90° out of phase with the 
other coherently scattered radiation, and is due to absorption (cf. Rohrlich and 
Gluckstern 1952). The amplitude for this absorption scattering in the case of 
the zero-order term has been estimated by Levinger (private communication) 
for Ag<™m, and he finds it to be negligible. One can see that for high values 
of Ag the residues will be small in the zero- and first-order terms, as they involve 
initial and final wave functions of high momenta. We neglect these contributions 
in what follows and take only principal values of the integrals. 

The expression (4) represents the single scattering of the electron by the 
potential and therefore includes the possibility of the electron picking up from 
the potential enough momentum k(~-—Aq) to compensate approximately for 
the momentum transfer to the electromagnetic field. Indeed, the regions in 
which the wave functions, rather than V, furnish the momentum difference Aq 
give a negligible contribution, as can be seen immediately by inspection of the 
relativistic momentum transforms of the wave functions. In the important 
region of the integration in (4) the magnitudes of p and Aq+k are of order Zam, 
and these quantities can be neglected compared with q or q’. For instance, 
_(p+q—m)*=(p+q+m)/|(p+q)?—m*| = q/2mq, p+m going out since p anti- 
commutes with e except for velocity dependent effects, and p—m gives only 
negligible v?/c? effects when applied to the wave function. ‘The term in square 
brackets in (4) then becomes 


(e-9' 7,965. egy,g © 42gk?, ae (5) 
which reduces immediately to 


2H le Oe ee eee OO ee (6) 
where the angle-dependent factor is 
O=¢ I(e.e)(g7+ q.q))—(e. q)(e-q)]. © sa.ce. (6a) 
‘Thus 
A, = —47?*Zetm 0 i Bp ki(p+Aqt+ k)yyk 2b(p). ...... (7) 


As pointed out above, the only significant contributions to (7) come from regions 
where |[p+Aq+k| and|p|are of order Zam. Consequently, non-relativistic 
wave functions can be used with negligible error, but the integration should, 
in principle, extend only up to values of |p+Aq+k| and |p| of the order 
of 5 or 10 times Zam. Beyond this region, however, the non-relativistic functions 
cut off the contributions strongly, contributing by a factor (Zam/Aq)? less than 
in the important region. Hence the integration can just as well be extended 
to infinity. With these approximations one finds 


A, = —4ne*m-tq1Z2a%(Zam/Aq)*O.  — ...... (8) 
We see that the ratio of (8) to (2a), apart from angle dependence and sign, is 
1 / Aq 8m \-! 
s(7E\(it+ae) es (9) 


In fact this ratio is unity when Ag ~ 24/2m and increases with Ag. Consequently 
the first-order term (8) is the main term in most of the photon energy range 
under consideration, since subsequent terms will involve higher powers of Zz. 
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The momentum transferred to the photon must in any event be supplied 
by the nucleus through its coulomb field. In the zero-order term this proceeds 
through the coulomb forces which act while the electron is in the ground state. 
We see, from the first-order term, that the dominant process is one in which 
most of the momentum balance is transferred to the nucleus between absorption 
and re-emission (or vice versa) of the photon. Our result about the relative 
magnitudes of the two terms means then that the transfer of a large amount 
of momentum is easier when the electron already has a large momentum than 
when it is slow. 
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Angular Distribution of y-Radiation following a Deuteron 
Stripping Reaction 


By G. R. SATCHELOR anp J. A. SPIERS 
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ABSTRACT. Expressions are derived theoretically for the angular distribution of 
y-radiation from a deuteron stripping reaction, measured in coincidence with a fixed direction 
of the emitted particle. 


HEORETICAL treatment of (d, p) and (d, n) stripping reactions by Butler | 


(1951) and Bhatia et al. (1952) have shown that the angular distribution 

of the emitted particle enables the orbital angular momentum of the captured 
particle to be determined, and hence gives information concerning the spin of the 
nuclear state after capture, if that of the initial nucleus be known. 

If the state after capture is an excited state, further information may be 
derived from the angular distribution of the emitted y-radiation measured in 
coincidence with a fixed direction of the emitted particle, this direction being 
chosen to coincide with a peak of the particle angular distribution. 

Expressions for the y-ray distribution are derived below from a simple 
formulation of stripping theory. 

Consider a (d, p) reaction for definiteness. ‘The wave function of the incident 
deuterons in the centre-of-mass system* 


Pang wm Fw Mp» Sp) = XP [ekg - (ry + Fp)/2}4(| ta — Fy |) Ce fe ae BOOK (1) 


* 'The notation of Bhatia et al. (1952) is used throughout except where specified. The C’s 
are Wigner coefficients used in the theory of addition of quantized angular momenta (Racah 1942). 
The suffixes are omitted for typographical convenience in eqns. (2) to (4). 


y-Radiation following a Deuteron Stripping Reaction gs 


can be expressed as a superposition ; 
Die, EXP (7k, « rp) Px, ( ON ee a ie (2) 


in each term of which the proton has definite linear momentum k,. 
Multiplying both sides by exp(—7k,.rj) and integrating over r,, we obtain 
®,. (fn) = exp (7k. r,)G(K) where k= ka—(M;/M;)k,, K=|k,— kq/2], and G is 
the function given by Bhatia et al. (1952), eqn. (17). Thus 


Weg = Dk G(K) exp (ik, - r,) exp 7k. F,)C. heey 


The stripping assumption is that in the state after capture resulting from each 
term of the superposition (3), k, and o, are unchanged. Since the proton 
momentum k, is observed, only one state of the superposition (3) can be effective 
in the transition, and in that state the incident neutron behaves simply as a plane 
wave travelling in the direction k. 

Expansion of the neutron plane wave into spherical waves about a polar axis 
in the direction k leads to 


Prana aa Xk, exp (2 k,, . r,) 1, 81,(n) Y? (Onbn) Coma cl (4) 


where £i(Tn) is the function defined by Bhatia et al. (1952), eqn. (16), with 7, 
written for R. 

The further assumption that the probability of capture from each /,th partial 
wave is proportional to the ‘ penetrability’ of that wave at 7, =R (i.e. to |g? (R) |?) 
multiplied by a constant of proportionality, leads at once to the result of Bhatia 
et al. (1952). The proportionality constant (‘‘intrinsic probability of capture 
of neutrons reaching the nuclear surface with orbital angular momentum /,’’) 
corresponds except for numerical factors to the quantity A, of Bhatia et al. (1952). 
Matching of the incident neutron wave at the surface of the nucleus would lead 
to the more complicated result of Butler (1951). 

However, the y-ray angular distribution does not depend on the capture 
probability, but only on the relevant angular momenta, and is the same as for 
capture from a beam of incident neutrons in the direction k. 

The wave function of the system deuteron plus initial nucleus $4 4,4X.,0, MAY 
be written, using (4), as 


os - + 7 ieee In lnk Je Ji jn 
xk exp (2 k,, J VAM et Ope Hy op— tin 0 Ly Cy, M; me remediate Sieh 8: 9.9% (5) 


where j, =/, + 4 is the total angular momentum (spin plus orbital) of the neutron, 
and 7, a7,j,4, 18 a State of the system neutron plus initial nucleus with total angular 
momentum J, M.. 

Assuming that capture leads to an excited state with only one value of J, 
and that only one value of /, contributes (y’s in coincidence with protons in 
direction k, giving a distinct peak), also one value of 7,,* the weighing factor 
for the orientations M, of the excited state is given by the square modulus of the 
expression in curly brackets in eqn. (5). Assuming pure 2” multipole emission 
to astate of spin/,, the y angular distribution /(@) about the axis k = k, —(M/M,)k, 
is readily obtained by multiplying the angular distribution of y-radiation from each 
orientation M, by this weighting factor and summing the resulting expression 


* This seems more in keeping with the shell model than the usual procedure of combining 
first the spins of the initial particles then forming the resultant of total spin plus orbital angular 
momentum. 
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over jig, Mj, o,. Using the orthogonality properties of Wigner coefficients, the 
expression simplifies to 
Y Je Ji jn Jo Ie Lip 
1(9) =Z yu, | Ch, My unl” Ute Coty ate at | id O). eee ae (6) 

where M= M,— M,, M,= M,+ tp Mp= +4, and the 2” pole angular distributions 
F,,,(0) are tabulated, e.g. by Arnold (1950). . 

The highest power of cos?@ in J(@) is cos*?@, where p is the greatest integer 
less than or equal to j,, J,, L and hence J(@) is isotropic if j7,=3 or J,=0 or $. 
Note that with the assumptions made the result (6) is free of adjustable parameters, 
and is independent of J, except in so far as /, can only have one of the two values 
ees 
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ABSTRACT. An electrostatic analyser of high accuracy has been used to measure and 
control the energy of a proton beam accelerated by an electrostatic generator. By using a 
deflecting angle of 7/2,/2 radians, a wide incident beam was focused on to a narrow exit slit. 

‘Target currents of 10 wA were obtained homogeneous in energy to one part in a thousand. 
The beam energies were also measured absolutely to this accuracy. 

The instrument was used to determine the energy of the 7Li(p, y) resonance, which was 
found to be 441:5+ 0:5 kev with a half width of 12:2+0-5 kev. The energies of two sharp 
resonances in fluorine were found to be 340-4+0:4 and 483:1+0-5 kev, with half widths 
2:9+0:2 kev and 2:2+0-2 kev respectively. 


§1. INTRODUCTION 

BSOLUTE determinations of (p, y) resonances below 500 kev have been 

made by several investigators using resistance voltmeters. In general, 

accuracies within 1°% are claimed for this method, although Heydenburg 

is reported to have obtained much higher accuracies than this (Morrish 1949). 

Other workers also claimed higher accuracies for measurements relative to an 

absolute determination of the fluorine resonance at 873-5 kev which was made 

by Herb, Snowden and Sala (1949) using an electrostatic analyser, whilst 

Morrish has used an electrostatic analyser calibrated by a low-energy electron 
beam. 

The instrument described in the present work gave an absolute measurement 

of beam energy in terms of its geometric dimensions and the potential difference 

across the electrodes. Accurate measurement of these reduced the error to 


ee 
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less than one part in a thousand. The source of high energy particles was an 
air insulated electrostatic generator. [he instrument was also used to control 
the energy of the particles by intercepting a fraction of the beam on each jaw 
of an exit slit. Any inequality in the currents on the slit jaws constituted an 
‘error signal’ which was fed back to correct the voltage of the generator so as 
to return the beam to the median plane of the analyser. The control mechanism 
has been described by Chick and Inall (1952). 

A deflecting angle of 7/2,/2 radians focused a wide parallel incident beam 
on to a narrow exit slit, obtaining a resolution of one part in a thousand with 
target currents of up to 10 wa. ‘This compares favourably with currents obtained 
using 90° electrostatic analysers of comparable resolution (Warren, Powell and 
Herb 1947). 

§2. SUMMARY OF THEORY ; 

The relation between the potential difference V through which a charged 
particle has fallen and the potential difference X between the electrodes is 
approximately 
2V =AURY RAR Re wn sed (1) 
where R, and R, are the radu of the electrodes (R,>R,). The error involved 
is small for small R, — R,, and in the present case where (R, — R,)/(R,R,)!? 0-02 
it was less than one part in 10%. The potential through which the particle had 
fallen was, therefore, calculated to the required accuracy by careful measurement 
of X, R,—R, and (R,R,)?. 

Hertzog (1934) has determined the following focusing condition for a beam 
of particles describing a circle of radius a in a radial electrostatic field: 
(l’ —g)(l" —g) =f? where l’=object distance measured from the entrance plane 
of the analyser, /’=image distance measured from the exit plane of the 
analyser, g=a/1/2 cot 6\/2=distance of focal point from the exit plane of 
the analyser, f=a/1/2 cosec 0\/2=focal length, 9=angle of deflection. By 
choosing the deflecting angle to make g=0 (@=7/2,4/2), and placing the exit 
slit at the point /” =0, it can be shown that for a parallel incident beam the energy 
resolution is independent of the width of the entrance slit to a first order of 
approximation. This ideal condition was approached sufficiently closely to allow 
an energy resolution of 1000 to be obtained without restricting the width of the 
entrance slit to less than the electrode separation. 


§3. EXPERIMENTAL METHOD 
(i) Description of Apparatus 


A photograph of the analyser is shown in fig. 1. ‘The mean radius of the 
deflector electrodes. was 12 in. and the nominal width of the gap was 0-25 in. 
The electrodes were of mild steel and were thoroughly stress-relieved before 
final machining. After the final machining, the separation was constant to 
somewhat better than 0-0001 in. (fig. 2). 

The entrance slit was fixed with a separation of 4 in. in order to prevent 
bombardment of the analyser electrodes by the beam. ‘The exit slit assembly 
consisted of two pairs of slit jaws, one fixed with a separation of 0-006 in. 
corresponding to an energy resolution of 1000, the error signal being taken 
from these slit jaws, the other mounted immediately behind these ‘signal slits’ 
and adjustable to enable resolution to be increased up to one part in ten thousand. 

64-2 
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(11) Deflecting Voltage Supplies 


A block diagram of the voltage stabilizing and measuring circuit is shown in 
fig. 3. The output voltage was controlled by means of a highly stabilized 
reference voltage source fed from thermostatically controlled dry cells. The 
reference voltage source supplied up to +200 volts and the required fraction 
of this output was fed into the main potential dividers through Rs. The polarity 
was opposite to that of the voltage fed into the high potential end, and the ratio 


Fig. 1. Photograph of analyser. 
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Fig. 2. Variation in deflector electrode separation against angle, over depth occupied by the beam. 


R,/R; was such that the points A and A’ were at earth potential. Any drifts 
in the outputs of the 12 kv supplies resulted in the points A and A’ drifting away 
from earth potential. The variations in the potentials of A and A’ were fed into 
d.c. amplifiers and hence to the grids of valves in series with the main h.t, supplies 
via radio-frequency links. The series valves therefore acted as impedances 
which varied so as to keep the potentials applied to the dividers and deflector 
electrodes constant. Rough adjustment on the input to the h.t. power packs 
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kept their output within the range which could be stabilized by the series valve. 
The voltage across the low ratio arm of the potential divider was compared 
with that of standard cells by means of a precision potentiometer. ‘The cells 
were maintained at a constant temperature of 30°c. 

The main potential dividers consisted of sub-units of wire wound resistors 
enclosed in corona shields and mounted on Perspex insulation. The corona 
shields were maintained at the mean voltage of the enclosed resistances by an 
auxiliary chain of carbon resistors. The whole assembly was normally 
surrounded by aluminium shields to minimize the effects of draughts. 
Exhaustive tests both on the resistances making up the dividers and on the 
dividers themselves under actual working conditions enabled the potential 
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Block diagram of deflector voltage stabilizing circuit, 
and plot of measured stability of output. 


divider ratio to be estimated with an accuracy to one part in ten thousand after 
approximately one hour, in which time the dividers reached a thermally stable 
condition. The ratios were measured under actual working conditions by 
switching a standard resistance into the high resistance arm of one divider and 
balancing it out in a Wheatstone bridge circuit by adjusting a variable resistance 
in series with the low resistance arm. ‘The other potential divider was used as 
the fixed arms of the bridge. ‘The method is similar to that used by Rymer (1952). 

Plots of observed output voltage against hours of operation are shown in fig. 3. 


(iii) Operation of the Analyser 


A very slightly divergent incident beam was used in order to produce a focus 
at the exit slit, which was 0-5 in. from the effective exit plane of the analyser, 
and target currents of up to 10 a were obtained. ‘The current to each of the 
exit slit jaws was approximately 1 wa, which illustrates the sharpness of the focus. 

The exit slit assembly was modified before Run 10 (table 1). ‘The signal slit 
and beam defining slit were replaced by a single fixed slit of separation 0-006 in. 
corresponding to a resolution of 1000. ‘This eliminated the uncertainty in the 
calculation of the effective exit plane (Appendix, error 4). The results obtained 
were not significantly different from those using the more complicated exit slit 
assembly. 
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Run 
1 


HS 


Mean 


‘Target 


thickness} 


3 kev 
LiF 
2 kev 
ak 
2 kev 
LiF 

_ 500 ev 
LiF 
500 ev 
LiF 
500 ev 
Li,O 
500 ev 
LiF 
100 ev 
MegF, 
2 kev 
LiF 
500 ev 
_ LiF 
100 ev 
LiF 
100 ev 
MeF, 
500 ev 
LiF 
2°5 kev 
MegF, 


2°5 kev 
MeF, 


S. E. Hunt 


Table 1 


Resonant energies (kev) 
(corrected for target thickness) 


Lithium 


442-0 
441-3 


4413 
441-6 


441-5 


441-5 


Fluorine 
340 line 483 line 


340°5 


340-9 
340°8 
340-2 


3403 
340°6 


340-5 
340-0 
340-0 
340-0 
340-5 
339-8 
340-5* 
340°5 
340-0* 
340-7 
340-5 


340-6 


340-4 


483-1 


Half widths (kev) 
(corrected for target thickness) 


Lithium 


(cel ket) 


12 0MEO 


12:0+1-0 


12:0+0°5 


[30s tO 


IAB nel O85 


12-5105 


L220 


Fluorine 

340 line 483 line 
3-04 1°0 == 

2:8+0:3 ; t 
3-040-5 2:340:3 
29+0°5 2-14-02 
2:8+1:-0 — 

32+ 0-5)  2-252055 
2:°8+0°5 2:0+0-:3 
3-5--0°5 2222 n0as 
2:99+0:2 2:2+0:2 


* These determinations were made when the analyser was rotated through 180° about 


the vertical axis. 


+ For 400 kev incident beam. 


(iv) Targets 


The targets were prepared by evaporating weighed amounts of lithium, 
lithium fluoride or magnesium fluoride in vacuo on to polished copper backings. 
The energy AF lost by the beam in traversing the targets was calculated from 


published stopping power curves and from Bethe’s formula (Livingstone and 
Bethe 1937). 


1 MR ental 
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The true resonant energy was taken as the observed energy of maximum 
yield minus AE/2 (Morrish 1949), and the true half widths T', were calculated 
from the observed half widths I’, by applying the formula I, =(T'y?2+AE2)!2 
(Tangen 1946). This correction was used only when AE was small compared 
with [. 

Carbon contamination of the targets due to condensation of diffusion pump 
oil was avoided by using a liquid nitrogen trap immediately in front of them; 
the targets were also heated to 250°c during irradiation. The reproducibility of 
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4000 340-4 Fluorine Resonance 2000 AS 


483-2 kev Fluorine Resonance 
0 


339 341 343345347 482 484 486 488 
Approximate Beam Energy 


Fig. 4. Displacement of fluorine resonances on rotating a 2 kev lithium fluoride target through 60°. 


the results showed that these measures were effective (table 1). The targets 
were also rotated through 60° thus doubling their effective thickness and the 
thickness of any surface contamination. ‘The observed displacements confirmed 
any surface contamination to be negligible, and were used to check the calculated 
target thickness in energy units AZ. ‘The agreement was good as is shown in 
fig. 4. The gamma rays were detected by means of a Geiger-Miiller counter 
with a lead radiator. The background counting rate was reduced by suitable 
screening to approximately 15 counts/minute and the counter was automatically 
switched off when the target had received a pre-determined charge. 


§4. DISCUSSION OF RESULTS 


The results obtained in the present work are compared with those of other 
workers in table 2. Typical curves are shown in fig. 5. The agreement of the 
present result for the lithium resonance with those obtained by Fowler and 
Lauritsen and Hudspeth and Swann is satisfactory in that it indicates agreement 
between the present instrument and the absolute electrostatic analyser of Herb, 
Snowden and Sala, which has been used over a higher energy range. 

The only serious discrepancies occur in the determination of the higher 
fluorine resonance. The merit can be claimed for the present determination 
that the resonance was repeatedly cross checked with the lower fluorine resonance 
and the lithium resonance using the same lithium fluoride targets. 
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Investigator 


Hafstad, Heydenburg 
& Tuve (1936) 

Hanson & Bennedict 
(1944) 

Streib, Fowler & 
Lauritsen (1941) 

Tangen (1946) 


Bonner & Evans 
(1948) 

Fowler, Lauritsen & 
Lauritsen (1948). 


Heydenburg 
(Reported by 
Morrish) (1949) 

Fowler & Lauritsen 
(1949) 


Morrish (1949) 


Hudspeth & Swann 
(1949) 


Chao, ‘Tollestrupp, 
Fowler & Lauritsen 
(1950) 


Present work 


a 


S. bE. Hunt 
Table 2 
The lithium resonance The fluorine resonances 
Resonant Half Resonant Half 
energy width Method energy width Sie pret Method 
(kev) (kev) (kev) (kev) 
440 — R.V. (abs.) 324 <4 479 — R.V. (abs.) - 
+4 330 
446:5 — E.D. (abs.) — — — -= _- 
+1°5 
—- — — o _ 479 <10 G.V. 
440 11+2 R. V. (abs.) 339 1:5 479 <2 R.V. (abs.) 
any) +2 +4 = 
pas, 14-0 po ae ems 
338T _— _— — E.A. re- 
(339°5) lative to Li 
(440 kev) 
line. 
440-8 — R.V. (abs.) 339-7 — _ — R.V. (abs.) 
+0°5 +0:2 
441-4 12:0 E.A. rel. — 
+0°5 to 873°5 
kev* F line. 
340-4 3°5 _ — E.A. (cal. 
+0-2 by electron 
beam). 
442-3 — G.V. rel. 
ae ilo) to 873°5 . 
kev F line 
-= a 486 — E.A. rel. to 
873-5 kev 
line* 
441-5 12:2 ~- 340-4 2:9 483-1 2:2 E.A. (abs.) 
+0°5 +0-2 +04 402 40:5 +0:2 


* This result was determined by Herb, Snowden and Sala using an absolute electrostatic analyser. 
+ Relative value in brackets corrected to refer to their later determination of the lithium resonance. 


R. V.=resistance 


voltmeter ; G. V.=generating voltmeter ; E. D.=electrostatic deflector ; 


E. A.=electrostatic analyser. 
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Fig. 5. 
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0 0 4835 kev 
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Resonances observed on a 500 kev thick lithium fluoride target. 
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APPENDTX 
DISCUSSION OF POSSIBLE ERRORS AND FINAL ACCURACY 
(i) Errors affecting the Determination of the Energy for Maximum Yield 


The nine possible sources of error are discussed below: 

1. Errors in deflector voltage measurement. ‘The deflector voltage was 
measured at the peak of each resonance using the circuit shown in fig. 3. 
Therefore, errors were introduced only by the precision potentiometer and the 
uncertainty in the ratios of the main potential dividers. ‘The former was 
certified as being accurate to one part in 10+, and the main potential divider 
ratios have been repeatedly checked for a wide range of deflector voltage by the 
method outlined in § 3 (ii). Their ratios could be estimated to one part in 
ten thousand. 

The total error in the measurement of the deflector voltage was therefore two 
parts in ten thousand. 

2. Errors in measurement of deflector bar separation. ‘These measurements 
were taken by a dynamic air flow method marketed under the trade name Solex. 
The total separation between the gap faces and those of a slightly undersized slip 
gauge fitted with radially opposed jets was found by measuring the viscous 
resistance to air flow of the space between the sides of the gauge and the sides 
of the gap. 
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The sensitivity of measurement was 0-000 O1 i in. and the readings obtaingn 
were reproducible to this accuracy. Contours of the gap throughout the depth 
occupied by the beam are shown in fig. 2. 

An absolute measurement of the gap separation was obtained by inserting 
the gauge head between the jaws of a standard separation gauge, so that the 
accuracy of the gap measurement became essentially that of the standard gauge, 
which was 0-2500 + 0-000 02 in. 

An absolute accuracy to one part in ten thousand can be claimed and 
measurements made over a period of months were consistent to better than this. 
All measurements were made at 20°c, but in operation the analyser ratio 
(R, — R;)/(R,R,)1? is largely independent of temperature. | 

3. Radii of deflector bars. 'The mean radius was determined at the time of | 
final machining by using clock gauges and the calibrated master rotating plate 
of a precision Jig Borer. The accuracy of measurement was within 0-0005 in., 
or four parts in 10°. The contours of the plates have been checked periodically _ 
since, using a single-sided Solex gauge head mounted from a steel arm accurately 
pivoted at the centre of curvature and playing against each side of the gap in 
turn. The maximum variation in radius noted was 0-0003 in. a 

4. Errors associated with fringing fields at the ends of the analyser. The fringing 
fields at the ends of the analyser caused the effective entrance and exit planes to 
be situated a distance S from the ends of the deflector plates given by 


Sig | Z 7 w 1 


Gao, 1S ge Se ee ae ee ee eee 
Dem a Te Cede 16d ieee 


where d is the separation between the electrodes, x is the distance of the earthed _ 


slit from their ends and w is the gap between the slit jaws (Hertzog 1935). 
The ends of the electrodes and the position of the slits were arranged so that the 
effective entrance and exit planes subtended an angle of 7/2./2 at the centre 
of curvature of the plates to obtain correct focusing. 

Since it was assumed that the particles described a circular path until they 
reached the effective exit plane and then continued tangentially until reaching 
the exit slit, the exact determination cf the position of the exit plane relative to 
the exit slit was necessary. Uncertainty in this determination produced a possible 
error of up to + 1-5 parts in 10* in the final energy measurement when the double 
exit slits were used, and 0-5 part in 10* when a fixed single slit was used. 

5. Errors caused by fringing fields due to the finite depth of the analyser plates. 
The effect of the edges of the deflector bars has been calculated to produce a 
field inhomogeneity of one part in 10° over the depth occupied by the beam. 
This is negligible. 

6. Hrrors in measurement of stray magnetic fields. ‘The component of 
magnetic field between the deflector plates and perpendicular to the baseplate, 
was the only one effective in modifying the final energy determination. The 
path and energy equations for a proton in a combined electrostatic and magnetic 
field have been solved and indicate that if the contribution of the magnetic field 
is to be less than one part in 104 then (Ha/e)(e/2mV)1? < 10-4 where a is the radius 
of curvature of the path and other symbols have their usual significance ; gaussian 
units are used. 

The magnetic field between the deflector plates was investigated, using a 
flip coil and sensitive galvanometer, and found to have a mean value of 0-1 gauss 
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out from the baseplate. This produced an error of less than one part in 104 for 
beam energies above 100 kev. 

7. Errors associated with targets. Using the technique described in § 3 (iv), 
it is estimated that the surface contamination of the target had been reduced to 
a negligible amount. Half the energy lost by the beam in traversing the target 
was subtracted from the energy of the observed peaks to obtain the true resonant 


_ energy (Morrish 1949). Uncertainty in the energy loss was estimated at + 10%, 


which produced an uncertainty of +3 x 10-4 in results obtained using the thicker 
targets. For the 500 ev thick targets the uncertainty was less than 10-4. 

8. Orthogonality of the entrance plane of the analyser with the beam. 'This 
was checked by rotating the analyser through 180° about a vertical axis and 
repeating resonance determinations of the two fluorine lines (Runs 11 and 12, 
table 1). There was no significant difference between the two sets of measure- 
ments, which indicated that the beam was vertical. The accuracy with which 
the entrance plane of the analyser could be set horizontally was calculated to. 
produce an error of +2.x10~* in the final energy determination, and slight 
fluctuations in beam direction were calculated to produce a similar error. 

9. Uncertainties produced by the statistical accuracy of counting. With the 
exceptions of Runs | and 2, statistical accuracy of counting was sufficiently 
high to enable the energy of maximum yields to be read from the experimental 
curves with an accuracy to + 0-1 kev for the sharp fluorine lines, and to + 0-2 kev 
for the broader lithium line. 

Estimation of Overall Accuracy. Of the above errors, only Nos. 2, 3 and 4 
were purely systematic; Nos. 8 and 9 were purely random, and the others had 
both a random and a systematic component. 

The root of the squares of the purely random errors (+3 x 10+) agreed well 
with the standard deviation of individual determinations listed in table 1, which 
confirmed that no large random error had been overlooked. ‘The standard 
deviations of the three mean values given in table 1 were between 2 x 10-4 
and 4 x 10+. 

The root of the squares of all errors which could have a systematic component 
was 4x 1074. It is felt that an overall error of less than +1 x 10°? for the final 
mean values can therefore be claimed with some confidence. 


(ii) Errors affecting the Measurement of Half Widths 


Of the above errors, only those associated with targets and statistical accuracy 
affect the determination of the width of the resonance curve at half maximum 
yield. Estimations of half width have been made only when the energy lost in 
the target was small compared with the natural half widths, so that the uncertainty 
in the target correction given in § 3 (iv) of the paper was negligible. 

The possible inhomogeneity of the beam (one part in a thousand) was too 
small to add significantly to the observed widths. 

The dead time of the counter and quench unit was calculated to cause an 
error of —3% in the maximum counting rate and 15% in the counting rate at 
half maximum for the strongest fluorine line using a 2 kev Lif target, but in most 
cases the error was much less so that the broadening of the resonances due to 
this cause was negligible. The error associated with statistical accuracy of 
counting therefore remains predominant; as this varied from one determination 
to another the estimated errors have been quoted separately in table 1. 
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ABSTRACT. The neutron total cross sections of Be, Na, Mo and Hg have been measured 
in the energy region 1 ev to 10 kev, and of Th between 1 ev and 1 kev, using the Harwell 
linear accelerator time-of-flight spectrometer. The energy resolution is better than in 
previously reported work on these elements, and several resonances have been more clearly — 
resolved. 


| 


| 


OME measurements have been made, by the transmission method, of the > 


neutron total cross sections of beryllium, sodium, molybdenum and 

mercury in the energy range 1 ev to 10 kev, and of thorium between 1 ev 
and 1kev, using the Harwell linear accelerator time-of-flight spectrometer. 
The apparatus has been adequately described in other papers (Merrison and 
Wiblin 1951, Goulding et al., paper to be published). The neutrons were 
timed over a flight path of 10 metres for the Be, Na, Mo and Hg measurements, 
but since the diameter of the Th sample was only 1 inch it was necessary to use 
a 4-metre flight path to achieve a reasonable counting rate. Figures 1 to 5 give 
total cross sections in barns (10-*4cm?/atom) plotted against neutron energy in 
electron volts. ‘The energy resolutions are shown at 10, 100 and 1000 ev; those 
for Hg applying also to Mo and Na. Wherever possible, estimates of oI? for 
the resonances were obtained from the transmission curves by the area method 
using the Breit-Wigner one-level formula (Rainwater and Havens 1946, Havens 
and Rainwater 195la). o» is the true total cross section at exact resonance, 
and I’ the width of the resonance curve at half-height. 

The resonance cross sections quoted are those actually measured, and the 
accuracies indicated are those corresponding to the counting statistics. The 
measured resonance cross sections may be very much smaller than the true 
values, due to the poor resolution of the spectrometer relative to the resonance 
widths, and from the experimental data it is not possible to estimate o, and T° 
separately. Nevertheless, the values of o)I” are significant. Estimates of o I 
are best made with a thick sample (moy> 1, where x is the number of atoms/cm? 
of natural element) and it is theoretically possible to determine o,l’ from 
measurements on a thin sample (zo)<1) (Rainwater and Havens 1946, Havens 
and Rainwater 195la). It was not, however, practicable to carry out such 
measurements involving much longer counting times (to achieve reasonable 
statistical accuracy) with the existing experimental conditions. These measure- 
ments should be feasible with the higher counting rates expected of the 15 Mev 
linear accelerator spectrometer now being installed. 

Analyses of the samples have not revealed any impurities in sufficient 
quantities to affect the results. ‘ 


* On leave from the University of Otago, New Zealand. 
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Beryllium (fig. 1). ‘The sample was of metal compacted from powder, and 
machined to a thickness of 2:36g/cm?. The cross section is constant in the 
region measured, the best fit to the statistically weighted points above 5-5 ev 
giving 6-04 + 0-03 barn, which agrees with the results reported by Adair (1950). 

Sodium (fig. 2). ‘Two vacuum distilled samples of thickness 9-26 g/cm? and 
1-26 g/cm? were used. These samples showed a large resonance in the cross 
section, rising to 34-3 barn at ~3500ev, and below the resonance a constant 
cross section of 2:98+0-02 barn. Values of oI” of 58 x 10% barn (ev)? for the 
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Fig. 1. The total cross section of beryllium, Fig. 2. The total cross section of sodium, showing 
showing the resolution of the spectrometer. the resolution of the spectrometer at the 


resonance energy. 
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‘ig. 3. The total cross section of molybdenum. Fig. 4. The total cross section of mercury, showing 
the resolution of the spectrometer. 


large sample, and 57 x 10®barn(ev)? for the small sample were obtained. In 
this region, however, the energy resolution of the spectrometer is only 1/1-1. 

Molybdenum (fig. 3). Two samples of thickness 15-6 g/cm® and 3-82 g/cm? 
were used. 

A sharp resonance in the cross section, rising to 40-2 barn, was observed at 
46-3 ev, with o,[?=400 barn (ev)?. Further small resonances were observed at 
75ev, 140ev and ~440ev. 

Accepting the results of Egelstaff and ‘Taylor (1950) below 10ev, the dip 
in cross section around 25ev appears to be significant, indicating that the 
resonance at 46 ev may be due to scattering. _It is hoped to investigate this more 
accurately with the new 15 Mev linear accelerator spectrometer. 
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Mercury (fig. 4). Two samples of ihickhese 14-22 g/cm? and 34- 42 g/cm 
from a supply of vacuum redistilled liquid mercury were used. . | 

This curve is interesting in that the resonance indicated by Havefis and 
Rainwater (1946) above 25 ev has been resolved into two levels at 23-3 and35-4 ev, _ 
showing total cross sections of 25-3 and 60-9 barn, and ogI of 9 and 170 barn (ev)? 
respectively. | 

Further resonances of 19-3 barn at 19lev, and 17-0 barn at ~350ev were 
also resolved. 

Thorium (fig. 5). Two samples of thickness 18-75 g/cm? and 27-65 g/cm? 
were obtained from a bar made by cold pressing and sintering thorium powder. 


20 
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Fig. 5. The total cross section of thorium, showing the resolution of the spectrometer. 


The resonances reported by Havens and Rainwater (1951 b) at 23 ev and 84ey 
have been clearly resolved, but were observed at 25 ev and 80 ev, with a broader 
resonance at 170ev. The shape of the curve in the region of 15 ev is probably 
due to several incompletely resolved resonances. The 25ev resonance has 
ool *=64 barn (ev)?. : 
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ABSTRACT. The emission of particles from a nucleus following the capture of a negative 
f-meson is discussed using evaporation theory. Assuming a reaction of the form 
pw- +P + N-+ p, it is possible to calculate a distribution of nuclear excitation from which 
the mean probability of charged particle emission is evaluated. 

In the relation between excitation U and nuclear temperature 7 the exponent of 7 is 
given the values 2 and 3. The usual law U=A7? is found to predict results for proton 
emission which are far less than those experimentally observed. 

In order to investigate this energy—temperature relationship data from low energy 
photo-disintegration experiments (U ~20 Mev) have been compared with theoretical 
values. Combination of the limited evidence available with very high energy data suggests 
a variation of excitation with the cube of the nuclear temperature. 


 §1. INTRODUCTION 

N the work of Sard and collaborators (1948, 1949, 1952) the absorption of 

negative u-mesons in lead was investigated by studying the production of 

neutrons from the excited nucleus. ‘Their most recent estimation of the 
number of neutrons per captured «--meson is 2:16+0-15, with an additional 
error of +10% due to the uncertainty in the strength of the standard neutron 
source used to determine neutron detecting efficiency. 

This result is in reasonable agreement with those of Groetzinger et al. (1948, 
1949, 1951) whose latest experiments give a value of 1:92+0-72 neutrons per 
disintegration. 

While the emission of neutrons had thus been fairly well established for 
some time, there seemed to be no experiments which showed conclusively the 
emission of charged particles after the absorption of the w--meson. Several 
attempts were made to investigate this both at mountain altitude and at sea level 
(Wang and Jones 1948, Chang 1949, Cool et al. 1949, Perkins 1949), but the 
results indicated that any charged particle emission was, at the best, a very rare 
event. 

The principal difficulty encountered in these investigations is the constitution 
of the mesons employed, since the slow mesons of cosmic radiation which are 
stopped in the absorbers consist of a mixture of negative 7- and y-mesons. It 
is well known that the 7~-mesons are extremely efficient at producing nuclear 
disintegrations with emission of charged particles and hence, in the experiments 
performed, it is not entirely clear which type of meson is involved. 

By working underground (George and Evans 1951) at various depths down 
to about 60 m water equivalent, the ratio of 7~/u~-mesons has been considerably 
reduced, and it has been possible to separate out the disintegrations due to 
u--meson capture from the few that may still be attributed to m-mesons. 


Observations were made with the aid of nuclear emulsions from which the 
experimental value obtained for the average number of prongs per disintegration 
is 0-1 +0-02. 

It is assumed that the charged particles emitted are protons and thus, in the 
following, an attempt is made to calculate the possible number of protons per 
stopped --meson using evaporation theory. 

The required knowledge of the energy given to the nucleus following the 
absorption of a ,«--meson offers a direct link with the observed neutron emission, 
An estimation of this nuclear excitation has been made employing the charge- 
exchange reaction »~+ P+N+vp°. Itis shown that the emission of 2 to 3 neutrons 
from lead can be explained by modifying the calculation of Tiomno and Wheeler 
(1949). 

The question of the relation between the excitation of the nucleus U and 
the nuclear temperature 7 is seen to arise, and, in the first place, a general 
expression U = A7°/K is assumed, where A is the mass number and K is constant. 
In subsequent calculations 6 is given the values 2 and 3. 

The meson data themselves do not provide sufficient evidence from which 
to draw any definite conclusions on this energy-temperature relation. ‘Thus, 


it has been necessary to search for some other source providing nuclear dis~ 


integrations in the same energy range and with which it is perhaps permissible 
to make a comparison. 

To this end the last section is devoted to a consideration of a number of 
photo-disintegration results. ‘The data are taken from the work of Hirzel and 
Waffler (1947) and Mann and Halpern (1951). The former have investigated 
various isotopes in the range 50<A<118 employing gamma-radiation of 
hy =17-:2 Mev and have obtained the ratio of the cross sections o(y, p)/o(y, n), 
while the latter have carried out experiments in a rather larger range 4<Z<50 
irradiating each target with a bremsstrahlung spectrum of maximum energy 
23-5mev. Their results together with those of Price and Kerst (1950) on y-n 
reactions have led to an evaluation of the yield ratio N/P. 

Both these ratios may be compared directly with the values deduced from 
theory to indicate the nuclear temperature at an excitation energy of about 
20mMev. ‘Throughout the following calculations reference is made to the 
investigation of disintegration stars in silver and bromine as carried out by 
Le Couteur (1950, referred to as LeC) and it is assumed that the formulae of LeC 
give a good representation of the nuclear temperature at a mean excitation of 
200 Mev. 

It appears that the results of this paper are best connected to this high energy 
data by assuming that the nuclear excitation varies as the cube of temperature. 


§2. THE PROBABILITY OF PROTON EMISSION 


An expression for the probability per unit time of the emission of a particle 


with kinetic energy 7 from a nucleus a leaving a residual nucleus 6 has been 
derived by Weisskopf (1937) as 


ogmT p(b) 
7H p(a) 


where p is the level density, g the number of spin states of particle, and m its mass. 


P(T) dT = dT soy Pape ee (2.1) 
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According to Bethe (1937), the level density in terms of nuclear excitation U, 


_ temperature 7 and entropy S may be written as 


dU\12 
a7" (2x =) Sp (obs antes. Nay (2.2) 


‘Thus, in order to evaluate the probability, it is necessary to assume some relation 
between the excitation U and temperature 7. 

In the following paragraphs, the variation of U with both 7? and 7° 
considered and so it is convenient at this point to use a generalized form 


| CAT he ee ee eee (2.3) 
where A is the mass number and K a numerical constant for a particular 6. For 


the purposes of the immediate calculation let A/K =A. By consideration of LeC, 
eqns. (52) and (53), (2.1) becomes 


U\ +228 ; 
PT) dT =(T— v(Z) YEE RR 1 (2.4) 
6 


where V’ is the effective height of the potential barrier for the particle and 
y=agm/7*h? as defined by LeC (51). Using the notation T=U,—Q-—U,, 
R=U,—Q-V’, Q being the nucleon binding energy in the parent nucleus, it 
is possible to determine the total emission probability per unit time, and mean 
energy of emission from 


pUg—@ P U,\ 84128 
ie FOIMT— V2aT — »f (T-V’)" i: z) exp (S,—S,) dT. 
Scsztck (25) 
To a first approximation the probability is 
U,\@+n 
P(T) dT = (3) ap eXD (1S peo) fea eels (2.6) 


and the mean energy of emission may be written simply as T= V’ + 2rp. 

Relative probabilities of particle emission may be determined from (2.6). 
Since only low excitation energies U,, less than 40 Mev are being employed, it 
is necessary merely to consider the competition between neutrons and protons, 
and the expression becomes 


e a Xr 2/6 tee (3—6)/26 
Pimms) (a) eee 
p> p n i) 


i A 2/6 R (3—6)/26 ; 18 
=! (2) (2) ExD oc on! Ry ats a a? Ha Prk Senn (2.7) 


p 


where R, is the excitation of the nucleus b after emission of a particle x(n, p) 
from the initial state a, and y,=y, (LeC (59)). 

For 6=2 the term (A,/A,)(R,/R,)!* outside the exponential may be replaced 
by unity with negligible error. ‘This approximation is even better for 6=3 
when the exponent of R,/R, becomes zero and a lower power of A,/A,, is involved. 

Hence, the effective probability ratio, in these cases, is 


os Y Ave R,— R a AMPL . ) nt Vos) 
P. = exp (Sr, — Sr.) =exp {ea = ex p{— 2S me } \ 
p np np ; 
hee (2.8) 


where Riedie sd ai. SGT Dust PNR sees (2.9) 
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With §=2 and using LeC (37), it is found that 
te A(Q,-Q,+ Vy) ee: 
P, = exp{ (RAS ee ae chsuette tere (2.10) 
The value chosen for the nuclear parameter A is (A/3-3)? (LeC § 4.1). 
vags a nucleus (A,Z) of binding energy BZ. Then Q,=BZ—BZxt 
Ove Bg") or O,—-O,=BZ-'- BZ-}.. This, in turn, may be written in 
me) i an isobaric energy difference Q,—-Q,=EZ-j—EZ~*—(m,—m,), 
m,, m, being mass of neutron and proton respectively. Q,—Q, may then be 
evaluated from a knowledge of the 6*-energies of the residual nuclei. 


(i) Proton Emission at the Second Stage 
‘The mean reduction in energy due to the emission of a particle x(n, p) 1s 
Hy =O34V {RABI Cie St ee (2.11) 
so arriving at a value for the remaining excitation which will be denoted by U,’. 
Owing to the effects of V,’, a far greater probability of proton emission at 


this second stage exists if the first particle x is a neutron. Because of this, x=n 
is used throughout the calculations of H,. ‘There is an extremely small 


probability of protons being emitted at both first and second stages, but only 


at the upper limit of the energy range employed. ‘The consequent reduction 
in excitation for a nucleus at the third stage is such as to make further proton 
emission most improbable in the present case. 

It has been assumed, therefore, that the total probability of proton emission 
per disintegration may be represented by the sum P,+P,’=(P,)7. Since 
only neutrons and protons are considered to be emitted, it is simple to deduce P, 
as the absolute proton emission probability at Le first stage and P,,’ as the absolaes 
probability at the second. 


(i1) Correction to the Probability P,,' 

It will be seen that in the evaluation of H, (2.11) the energy of the emitted 
particle x is assumed to have its mean value. In point of fact the residual energy 
U,’ is dependent upon the energy spectrum of the emitted particle and consequently 
calculations have been carried out to examine the extent of such dependence. 

Let the distribution of particle energy be represented by the function p(U,’). 
Then the true expression for P,,’ becomes 

P, Hl PU) dU ae eee (2.12) 
By expansion this is 
Sp(Ua Py (Ua') + (Ua — Ua Pp’) +3(Ua' — Un’ )(Pp')” -.-.] dU, 


which on integration gives 


Pi! =P,(U; D+ +4(U,— 0, Je 


ad coX 
dU,’ —. se ee 
From (2.5), (U,’—U,’)? may be expressed in terms of the nuclear temperature as 


(U,’—U,')?=27°. Hence, the corrected expression for the probability P,/ 
becomes 

are 

dU,” Oy PE dt ee araires eile 
It appears from fig. 4 that the correction is extremely small. 


PY =PJ(U/)+7 


A 


~ 


Disintegrations by Slow y~-Mesons and Protons 999 


The calculation of (P,)p involves both the effective potential barrier and the 
nuclear parameter A. If the barrier height V is evaluated from the expression 
of Bethe (1937) it is then in reasonable accordance with the penetration formula 
of Bethe and Konopinski (1938) to assume the relationship V,’/=0-7V. The 
bromine isotope A =79, Z =35, thus gives an effective potential barrier V,,’ =4 Mev. 
In LeC §4.1, case d, the parameter A is given the value 4/(A/3-3) but in the 
following the proton probability has been calculated for A ranging from +/(A/3-3) 
to 0-864/(4/3-3). It is not considered possible to reduce A further and still 
obtain results in fair agreement with the disintegration star data upon which the 
numerical value of A is based (LeC). 


$3. PROBABILITY DISTRIBUTION OF NUCLEAR EXCITATION 
ENERGY AND MEAN EMISSION PROBABILITY 

To apply the emission probabilities to the problem of s~-meson capture a 
knowledge of the probability of a given nuclear excitation energy and of its 
maximum possible value due to the capture process is necessary. It is essential 
to be able to link up theoretical predictions with experimental fact, for, in order 
that any progress may be made, the value of the maximum energy available for 
the nucleus must be fairly well known. Fortunately, evidence can be obtained 
from the investigations on neutron emission due to --capture. The experiments 
of Groetzinger, Berger and McClure (1951), and, most recently, Crouch and 
Sard (1952), indicate that the number of neutrons emitted per disintegration, 
from a lead target, lies in the range of 2 to 3. Consequent calculations show that 
the emission of three neutrons from a lead nucleus is only possible with an initial 
excitation U, greater than 28 Mev for 6 =2, eqn. (2.3), or U, greater than 31 Mev 
for 5=3. If it is to be assumed, therefore, that an evaporation process occurs 
then it must be taken that the excitation energy of the nucleus due to a stopped 
2 -meson has a maximum value considerably in excess of that deduced in previous 
calculations by Tiomno and Wheeler (1949). 

Tiomno and Wheeler calculated the energy given to the nucleus by «--capture 
assuming a reaction of the form »-+ P—-N-+yp° Here the nuclear excitation 
is due to the recoil momentum of the neutron, and the effects are considered 
using various nuclear models. 

For the Fermi gas model the excitation is estimated to have a maximum value 
at approximately 22 Mev, this being calculated on the assumption that »° has 
zero mass and z»=210m. ‘They obtain a result for the distribution of nuclear 


excitation which is proportional to c 
(<) = m*%e“(.e2 — Q)2MQO for 0<Q<Q* 
ore 
Po\? 
= mte4uer—)] P(E -7)"| for O* << Ome 
0 


Q and P measure the excitation energy and maximum Fermi momentum 
respectively. 

If, however, the free particle model is corrected according to Bardeen (1937), 
the excitation of the nucleus may “be increased quite considerably. The 
modification introduced by using Bardeen’s correction results'in a reduction 
in the effective mass of the nucleon to M,-= M/y where y is the Bardeen number. 

65-2 
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It is thus possible to replot the curves of Tiomno and Wheeler substituting 
the reduced mass M,, in (3.1). Two distributions are given in fig. 1, where 
X and Y correspond to values of the Bardeen number y=1-5 and y=2, 
respectively. The original curve W is also given to facilitate comparison. Values 
of y in the range 1 <y <2 are considered, these being in reasonable agreement 
with the values suggested from the disintegration star evidence (LeC). 


Frequency 


0 01 02 
Expected Proton Emission (4). 


10 20 30 40 50 60 70 
Excitation Q/nec? 


Fig. 1. Frequency distribution of excitation energy in Fig. 2. Possible frequency distributions of 
the rucleus due to the capture of a slow negative expected total proton emission from various 
p-meson assuming the reaction »—-+P—> N+ pz°. nuclei assuming a nuclear excitation dis- 
W: Fermi model (Tiomno and Wheeler 1949). tribution as given in fig. 1. 

X, Y: with Bardeen’s correction (y=1-:5 and 2 @: PB o—2, y—1 on Ce Bio — 3 
respectively). b- Br 02s ye dv" Br 0=—3; = 1-5 


ec 2 Ao po —3y— Ie: 


By integration of (P,)p (as given in figs. 3 and 5) over the corresponding 
distribution in nuclear excitation, an attempt has been made to predict the mean 
probability of proton emission per disintegration in the capture process. Curves 
showing the possible distribution of (P,) for various values of 6 and y are given 
in fig. 2. 


§4. NUMERICAL VALUES FOR pw -INDUCED DISINTEGRATIONS 
(i) Using a Square Law 5 =2 

With 6=2, evaporation theory assumes its more common form and, from 
(2.10) together with the value A =4/(A/3-3) and its lower limit, it has been 
possible to calculate the expected probability (P,), for various initial excitation 
energies. Graphical representation is given for isotopes of bromine and silver 
in fig. 3. 

The correction to P,’ (2.14) was calculated for the bromine isotope A =79 
as shown in fig. 4. ‘The result is a small positive increase in the probability which 
becomes of negligible effect as the excitation energy is increased. Further, on 
considering the total mean probability over the available energy range as 
indicated in §3, the contribution of the correction was of such small account 
that it was considered possible to neglect the effect in further calculations. 

The problem of allocating an appropriate Bardeen number to a particular 
value of the parameter A is simply solved by reference to the relation LeC (39). 
Here, approximately, A?=7?A/fy where €=22mev. It is then seen that a 
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reduction of A by 14% corresponds to an increase in y to the approximate value 2. 


Therefore, the sets of parameters employed are A= 1/(A/3-3), y=1-5; 
A =0-864/(A/3-3), y=2. The probabilities of proton emission are presented 
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Proton Emission Probability at Second Stage P, 
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Excitation Energy Uy (MeV) Excitation Energy UJ,” (Mev) 

Fig. 3. Estimation of the total proton Fig. 4. The solid curve is the proton emission 
emission probability (Pp)7 for var- probability Pp’ at the second stage assum- 
ious isotopes when 6=2. a,c: ing that a neutron of mean _ energy 
Rr Od we Br eas tO Ag: An=On-+4Rn!!2/A has been emitted at the 
f: Ag. A= 4/(A/3-3) for curves first stage. The dotted curve indicates the 
a, b, AN=0-861/(A/3-3) for curves corrected Pp’ taking into account the 
cf. energy spectrum of the emitted neutron. 


in table 1. It will be seen that the contributions from the silver isotopes have 
been calculated merely for the reduced A, as it was found that only in this case 
were they appreciable compared with those from bromine. 

From the prong distribution of George and Evans (1951) the proton number 
per »--meson induced disintegration is 0-1 + 0-02, a value which is not reached 
by even the upper limit of the theoretical predictions. It should be remembered 


Table 1 
A=4/(473°3),, y= 1-5 A=0:864/(4/3:3), y=2 
Mean prob. Mean prob. 
Isotope (Pp)r for Isotope (Pp)r for 
AgBr AgBr 
Br 0-053 ENB Ke 0-125 
SBT 0-006 ~0-015 81Br 0-022 0:058 
07 Ag 0-032 
nev Ae 0-052 


that this higher theoretical result has only been reached by employing rather 
extreme values for the parameters A and y. It would be more satisfactory if the 
unmodified A and lower y gave reasonable agreement with experiment. 

On the other hand, it is possible that some direct ‘knock-out’ process occurs 
with a frequency sufficient to increase suitably the proton yield. Experimentally 
it is not yet clear whether there is any evidence of the occurrence of this type 
of process in the -meson capture, but experiments on photo-disintegration 
seem to indicate that the effect of any direct interaction between quantum and 
proton is small compared with that from compound nucleus formation (§ 5). 
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Lack of evidence in the meson-capture experiments makes it difficult to say 
whether it is possible to draw an analogy between the two cases, but it was thought 
worthwhile to search for some other source from which increased proton emission 
might be obtained. To this end, investigations were carried out to examine the 
effect upon evaporation theory when the excitation energy of the nucleus was 
assumed proportional to the cube of the nuclear temperature, and it will be seen 
in the following paragraphs that this treatment predicts results in much closer 
agreement with the experimental data. 


(ii) Using a Cube Law 6 =3 
From disintegration star evidence (LeC) it seems possible to assume that the 
‘square’ relation LeC (37), i.e. U=A?r?/4 is accurate for a mean excitation 
value U,=200 Mev in a nucleus A =80. Hence, the required (U, 7) relation when 
5=3 becomes 


U = A73/75-6. i 5 (4.1) 


It is obvious that this expression is still dependent upon the nuclear parameter A 
and has, in fact, been deduced from the value A= 1/(A/3-3). So that the 
following results may the more easily be compared with the preceding set, the 
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Fig. 5. Estimation of the total proton emission probability (Pp)7 for 5=3, A=/(A/3°3). 
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proton probabilities have been calculated using (4.1) and also with a further 

similar relation corresponding to the reduced A =0-86/(A/3-3). The ratio of 

neutron and_proton probabilities, when 6 =3, is given from (2.8) and (2.9) as 


Pn 

Pie exp{(4/75°0)22(O) — Oct Vo) Boge talon aimee (4.2) 
‘The variation of the total absolute proton probability with increasing 

excitation 1s much more rapid than in the preceding section, as illustrated in 


Disintegrations by Slow u--Mesons and Protons 1003 


fig. 5. Considering emission of protons at the second stage, there is, as before, 
a small correction (neglected in the actual calculations) for the neutron energy 
spectrum. ‘The correction differs from the previous one in that it is negative 
in sign for energies U,.>27 Mev. 


Table 2 
A=V(4/3:3), y=1'5 A=0:864/(A/3°3), y=2 
Mean prob. Mean prob. 
Isotope (Pp)r for Isotope (Pp)r for 

AgBr AgBr 
2 Br 0-135 “Br 0-238 
= Bt 0-029 0-066 Br 0:074 0-137 
17 Ag 0-037 0? Ag 0-102 
109 Ag 0-061 109A 0-135 


Numerical values for (P,)p are given in table 2. ‘So increased is the 
probability (P,)- when 6=3 that the contributions from the silver isotopes are 
no longer negligible, even in the less favourable case of y=1°5. 


§5. PHOTO-DISINTEGRATION OF NUCLEI 

Owing to insufficient evidence in the experiments of George and Evans 
(1951) it is impossible to draw any definite conclusions on the relation between 
nuclear excitation and temperature. In this connection, values have been taken 
from a quantity of photo-disintegration data, in which the relative cross sections 
a(y, p)/o(y, n), or yields, have been experimentally determined. 

In the work of Hirzel and Waffer (1947) various isotopes in the range 
50 <A <118 were subjected to bombardment by gamma-radiation of hy = 17-2Mev. 
The experimental results for the ratio of cross sections obtained were compared 
with the values deduced from the statistical theory (Weisskopf and Ewing 1940). 
Calculations using (2.10) gave results in close agreement with the latter, i.e. 
theoretical values for o(y, p)/o(y, n) are a factor 10 to 100 less than those observed. 
However, application of (4.2) predicts results which are of the same order as 
experiment. 

Similar results were found on consideration of the data of Mann and Halpern 
(1951). Their experiments consisted of the use of scintillation counters in the 
study of the yields of photo-protons from 20 elements, A <50, irradiated with 
a bremsstrahlung spectrum having a maximum energy of 23:5mMev. By 
comparison with the results of Price and Kerst (1950) on y—n yields, it has been 
possible to determine the ratio of proton/neutron yields. ‘The results show the 
same form as previously, the number of protons detected being greatly in excess 
of those predicted by (2.10). ‘The results from the two sets of data are represented 
graphically for ease of interpretation (fig. 6). For 6=2, the parameters 
A =+/(A/3-3) and 0-86,/(A/3-3) have been used in an attempt to show the 
disparity between the extreme values for 6=2 and those obtained by using an 
unmodified parameter when 6 = 3. 

Attention must, however, be drawn at this point to other suggested mechanisms 
of the photo-disintegration effect. In particular, Courant (1951) attempts an 
explanation of the large (y, p) cross sections found in moderately heavy nuclei 
in terms of a direct quantum—nucleon interaction, thus eliminating the formation 


1004 7. M. B. Lang 


of a compound nucleus. The cross section for such an event is small compared 
with the probability of such an intermediate state, but it is pointed out that it 
need not be very great to account for experimental results. However, Courant’s 
results are consistently lower than the data provided. Also, investigation of the 
angular distribution of the emitted protons gives results which do not conform 
entirely with that expected on the basis of a direct “knock-out’ theory. 
Thus Diven and Almy (1950) found with 21 Mev x-rays on silver that the 
energy and angular distributions agree quite well with the statistical theory 
except at the upper energy limit, while results of y—p reactions for bromine and 
silver by Waffler (private communication) lead him to the conclusion that any 
direct quantum—proton interaction probably contributes very little to the cross 
section compared with a compound nucleus effect. These views are supported 
by investigations of the photo-disintegration of copper (Byerly and Stephens 
1951) which indicate that the reaction consists mainly of an evaporation of nuclear 


Fig. 6. Comparison of the theoretical values for relative neutron/proton yields with the data 
from photo-disintegration experiments. 


particles. Only about 10% of the protons have energies greater than expected 
from evaporation, the observed angular anisotropy of these particles lending 
support to the suggestion of a direct photoelectric effect. 

Hence, it may perhaps be assumed that any direct interaction in this range 
of nuclei is more or less negligible compared with an intermediate state formation, 


and, thus, it is necessary to turn to that form of the statistical theory in closest _ 


agreement with experiment. 

Despite fairly large fluctuations about the zero point (fig. 6), it seems evident 
that the quantity In[(N/P)caic/(NV/P)exp] calculated on the basis of a cube relation 
between excitation and temperature comes nearest to the experimental values. 
Natural logarithms have been used in order that the variation of the ratio may 
be interpreted in terms of the difference between calculated and experimental 
values for the entropy Spee Sr, (eqn. (2.8)). 

Further, it should be pointed out that these fluctuations in results may be 
due to the uncertainty in the binding energies Q,—Q,. These values have been 
deduced from a knowledge of the B*-activities of the nuclei after emission of 
the particle x(n, p), but the residual nuclei are not always well known and 
approximations have had to be made in several instances. 
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§6. CONCLUSIONS 

In view of the results of the preceding section it should be permissible to 
suggest that the proton emission probabilities, calculated with a cube relation 
5=3 and under the assumption that the formulae of LeC represent well the 
nuclear temperature at an excitation of 200 Mev, are the more correct. Thus it 
follows that, in nuclear disintegrations due to the capture of slow negative z-mesons 
in silver bromide, the number of protons per disintegration is predicted as 0-066. 
This result may be said to be in reasonable agreement with observation, 
particularly when the statistical limitations of the experiment itself are taken 
into consideration. 

It should be added that much may be learned on the subject of nuclear 
thermodynamics by consideration of the types of photo-disintegration experiment 
discussed in §5. It is necessary, however, not only that the investigations be 
increased in number but also that there be a considerable reduction in 
experimental error, before data are obtained from which reliable conclusions 
may be drawn. 
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ABSTRACT. 'The Q-values of the reactions **S(a«, p)®®Cl and *°Cl(n, «)??P were measured 
as —2:02+0-11 mev and +1-07+ 0-15 mev respectively. From these Q-values and from 
the B-decay energy of **P the difference in mass excess of **S and *°Cl was calculated in two 
independent ways, giving 1:96+ 0:11 mev and 1:98+ 0-15 mev. 

In the investigation of the (a, p) reaction the nuclear emulsion technique was used in 
conjunction with a-particles from ThC’. An ionization chamber was used to measure the 
a-particle energy in the case of the (n, ~) reaction which was excited by fast neutrons 
obtained from the D—D process. 


§1. INTRODUCTION 
HE mass difference of two nuclei can be determined either from the 
| Q-values of nuclear reactions or from mass spectroscopic data. 
For («, p) reactions represented by the expression 


AZ (a, py@t(Z+ 1) 
the difference in mass excess of the target and the product nuclei is 
A=(AM)z—(AM)z4= QAM) xe — (AM)xq] = Q + 3-98 Mev, 


where AM is the mass excess of an isotope and Q is the reaction energy 

corresponding to a transition to the ground state. Similarly, for (n, «) reactions 
A=(AM), —(AM)z_») = OQ — 4-76 Mev, 

and in the case of 6 decay A is equal to the B-decay energy. The figures used 

above for the mass excesses of hydrogen, helium and the neutron are those given 

by Tollestrup, Fowler and Lauritsen (1950). 

At the time when the experiments described in the present paper were 
undertaken (1949) the following information was available concerning the mass 
difference of #5 and *°Cl (fig. 1): 

(a) The masses of *2S and **Cl could be deduced from Aston’s mass 
spectrographic measurements. ‘The values obtained were 31-9823 + (3 x 10-4) M.v. 
and 34-9811 +(7 x 10-4) M.u. respectively (Mattauch and Flammersfeld 1949). 
The corresponding difference in mass excess was A = 1-1 + 0-7 Mev. 

(6) Similarly the two mass values were calculated as 31-98089 + (0-7 x 10-4) M.u. 
and 34-97877 + (1:8 x 10-*) M.u. on the basis of the measurements of Okuda and 
Ogata (Mattauch and Flammersfeld 1949). These corresponded to 


A =1-97 + 0-18 mev. 
(c) Ewald (Mattauch, private communication) measured the mass of 22S and 
obtained AM = —17-724+0-018 mm.v., in substantial agreement with Aston.f 


(d) Haxel (1935) investigated the reaction *2S(«, p)®°Cl with the use of 
ThC’ «-particles and a proportional counter as detector. He obtained a 


* This paper is an abridged version of a thesis submitted to the University of London for 
the degree of Ph.D. 


+ Ewald published a value of —17-728+0-019 mm.v. in 1951. 


The Mass Difference of Sulphur 32 and Chlorine 35 1007 


Q-value of —2:3 ev for the transition to the ground state. The recalculated 
Q-value of —2-1mev (Livingston and Bethe 1937) led to A=1:9mev for the 
difference in mass excess. 

(e) The reaction *Cl(n, «)°?P and the B-decay of P to #28 provided a 
further means of comparison. ‘The energy of the f-decay, 1:712 + 0-008 Mev 
(Mattauch and Flammersfeld 1949) was very well known and the Q-value of 
the reaction ®°Cl(n, «)32P was measured by Metzger, Huber and Alder (1947). 
They obtained Q= +0-44+0-20mev. This, in conjunction with the f-energy, 


Isotopic Spin 


32 
Mass Number 
Fig. 1. The diagram of nuclei in the region of mass 29-35. 


gave A=2:58+0-2mev. Metzger et al. observed that the Q-value was smaller 
than expected on the basis of the mass values accepted in the 1943 Isotopic 
Report of Fluegge and Mattauch (1943). They could not, however, suggest 
any reason why they should have failed to observe a more energetic «-particle 
group, had it been present. 

(f) A further possible link between the two masses was provided by the 
reactions 32S(d, p)®*S and *Cl(d, «)*S. The first of these was investigated by 
Davison (1949), who obtained a Q-value of 6:48+0-11mev. No reliable 
information existed on the second reaction, although Schrader and Pollard had 
reported (1941) a possible Q-value of 9-1 Mev. 

The various values of A, the difference in mass excess of 32S and *Cl, are 
listed below : 


Reaction Authors A (Mev) 

Mass spectroscopy Aston ihoihsi@)er 
Mass spectroscopy Okuda et al. 1-:97+0-18 
825 (, p) 2°Cl Haxel 1-9 
35C](n, x) *2P and Metzger etal. aly 3 

82P(B-)22S Siegbahn pia 
329(d, p)*8S_ and Davison at 1-4 

35C](d, «)*85 Schrader et al. fi 


In view of the lack of agreement, apparent in the table, it was decided to 
repeat the investigation of the reaction 2S(a, p)®Cl. This yielded a result in 
substantial agreement with that of Haxel. ‘Then the Q-value of the reaction 
85Cl(n, «)®2P was measured. This gave a new result. Accordingly, in what 
follows, the main stress is laid on the latter experiment while the former is treated 


very briefly. 
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§2. THE REACTION ®S(q, p)*Cl 


A thick sulphur target was bombarded with the 8-78 Mev «-particles from — 


ThC’. Protons emitted from the target at angles of about 90° were selected by 


means of a mica window, and were stopped in a nuclear emulsion. From the 


measurement of lengths of tracks in the emulsion the proton energies were 
deduced. The Q-value of the reaction was calculated according to the relation 
M,—M, 
M 
where E,° is the energy of the proton emitted at an angle of 90°, Q is the Q-value 
of the reaction, E, is the energy of the «-particle and M, M,, M, are the mass 
numbers of the compound nucleus, the «-particle and the product nucleus 
respectively. The experimental arrangement consisted essentially of a chamber 
divided into two vacuum-tight and light-tight compartments. One was 
evacuated and contained the «-particle source and the target, while the other 
was air-filled and contained the photographic plates (Kodak, type N'T'2a). The 
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Fig. 2. (a) The experimental proton energy distribution for the reaction *S(«, p)?5Cl. 
(b) The calculated energy distribution near the end-point. The arrows indicate the values 
of E,° corresponding to O= —2-02 Mev and Q=—2:1 ev respectively. 


plates were placed so as to face the mica window situated in the partition dividing 
the two compartments. Screening material, the G.E.C. heavy alloy and lead, 
was placed wherever possible to reduce the fogging of the emulsion by y-rays 
from PhC* 

‘The proton energy distribution obtained is shown in fig. 2(a). Figure 2(b) 
shows the expected shape of the distribution near the end-point, calculated on 
the basis of the geometry and the measured «-particle spectrum. A Q-value of 
—2-1Mev was assumed in the calculation, and straggling was allowed for. 
A comparison of the two distributions led to an experimental Q-value of 
—2:02+0-11 Mev. This essentially confirmed Haxel’s value of — 2:1 Mev. 


§3. THE REACTION *Cl(n, «)®2P 
(i) General 
An 1onization chamber filled with carbon tetrachloride vapour was bombarded 


with fast neutrons. The electrical pulses from the chamber were amplified in a 


linear amplifier and were displayed on a cathode-ray oscillograph screen. They 
were photographed on a slowly moving film. 
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Neutrons can excite a number of reactions in the two stable isotopes of 
chlorine. Only two of them, however, namely *°Cl(n, «)®2P and *°Cl(n, p)®*S 
have positive Q-values. In a gaseous target ionization chamber both the ejected 
particle and the recoil nucleus contribute to the same pulse. Accordingly all 
registered pulses corresponding to energies greater than the maximum neutron 
energy (E,, =3-34 Mev) were due to protons and «-particles from the two reactions. 
‘The geometry of the ionization chamber was such that the maximum residual 
energy which a proton could lose within the sensitive volume was about 1-5 Mev. 
Accordingly all pulses representing energies greater than that value were due to 
«-particles from the reaction *°Cl(n, «)*?P. 

The entire experimental arrangement was calibrated with «-particles of 
known energy. ‘Thus a relation was obtained between the energy and the 
registered pulse height. ‘The Q-value of the reaction was deduced from the 
energy E of the end-point of the pulse-height distribution according to the 
relation O=E-—E, 

(ii) Experimental Arrangement 


The neutron flux was obtained from the D—D reaction. A deuteron beam 
from a Van de Graaff generator excited the reaction in a heavy orthophosphoric 
acid target. The deuteron energy was 370 kev, corresponding to a maximum 
neutron energy of 3-34mMev. Neutrons emitted from the target in the forward 
direction were used. The neutron energy spectrum was measured by means of 


Number of Tracks 


WE a VM 


3 
Proton Energy (MeV) is pee pre Fe a 
Fig. 3. The energy spectrum of recoil Fig. 4. The cross-sectional diagram of the electrode 
protons. Curve a includes tracks assembly. <A, collecting electrode ; B, C, 
whose directions were within 10° of guard-rings ; D, E, inner and outer h.t. 
the forward neutron direction; electrodes. 
curve b includes tracks deviating 


up to 30°. 


photographic plates interposed in the path of the forward neutrons. ‘The 
track-lengths of recoiling protons were measured, and the energy spectrum 
obtained (fig. 3) was regarded as identical with the neutron energy spectrum. 
‘The maximum neutron energy agreed well with the calculated value. 

The ionization chamber consisted essentially (fig. 4) of three annular 
cylindrical electrodes placed inside a vacuum-tight drum. ‘The drum was filled 
with carbon tetrachloride vapour. ‘The middle, collecting, electrode was fitted 
with guard-rings and was earthed through a resistance. ‘The inner and outer 
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electrodes were maintained at +4kv and +5-5kv respectively. The sensitive 
volume consisted of two annular cylindrical spaces each 80 mm long and 14 mm 
in radial thickness. The inner and outer radii of the collecting electrode were 
34 mm and 40 mm respectively. ‘The maximum straight line path within the 
sensitive volume was 10-8 cm, which under the experimental conditions 
(saturated carbon tetrachloride vapour, 8-1 cm Hg pressure) corresponded to 
a residual energy of 1-5 Mev for protons and 5-5 Mev for a-particles. ‘The effective 
fractional solid angle, that is that fraction of the emitted particles which could 
lose their entire energy within the sensitive volume, was a function of the path 
length, and was thus small for 1:5 Mev protons. It amounted to approximately 
10-? for «particles of 4-25 Mev, the most energetic «-particles obtained in the 
experiment. 

The chamber was filled by distillation under vacuum. While the chamber 
was open, liquid carbon tetrachloride was introduced into a reservoir attached 
to the drum and was then frozen. Air was pumped out and the carbon tetra- 
chloride distilled into a glass U-tube. ‘The pumping line was now sealed off 
and the carbon tetrachloride allowed to melt. The pressure of the carbon 
tetrachloride vapour was controlled by the temperature of the U-tube, while 
other parts of the chamber were maintained at a higher temperature; this also 
prevented the condensation of the vapour on the electrodes. The total pressure 
was measured on a mercury manometer, and the pressure of gases other than the 
carbon tetrachloride vapour, if any, was indicated by the difference of levels in 
the glass U-tube. This provided a convenient means of detecting failures of 
the vacuum system. 

Difficulties were experienced in the design of the chamber on acconnt of the 
high voltage gradients required and the limited choice of materials. In gases 
exhibiting electron attachment reasonable collection times can only be obtained 
if relatively high fields are used. This, in'turn, renders the use of insulators of 
high dielectric constant undesirable, as brushing occurs readily in the minute 
spaces between the electrodes and the insulating surfaces (Wilkinson 1950). 
In the present experiment the situation was complicated by the solvent properties 
of carbon tetrachloride which excluded the use of waxes and of most plastics. 
Further, sulphur could not be used as the Q-value of the reaction 32S(n, «)?°Si 
is positive. Eventually the electrodes were supported on Perspex. The supports 
were so located that protons knocked out of the material by the neutron flux 
could not enter the sensitive volume. 

The pulses from the ionization chamber were fed into a preamplifier located 
next to the chamber. From there they passed on to a linear amplifier whose 
output was displayed on a cathode-ray oscillograph screen and recorded on film. 
The output was also connected to a monitoring cathode-ray oscillograph and to 
a scaler. ‘The latter included a discriminator which enabled bias curves to be 
taken during the experiment. ‘The high voltage for the h.t. electrodes of the 
ionization chamber was provided by a stabilized radio-frequency power supply. 
A pulse generator provided pulses of known and constant pulse height and 
rise time, for the purpose of monitoring the stability of gain of the system. The 
monitoring pulses were fed through a concentric condenser into the cable linking 
the ionization chamber and the preamplifier. The pulse generator was supplied 
from batteries and the stability was within 0-5 %. 
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(iii) Calibration 

A pulse-height-energy relation was found by placing a Th(B+C) source 
within the chamber, but outside the sensitive volume. 'The source could be 
moved in a line parallel to the axis of the chamber and was controlled from 
outside the vacuum system. The position of the source was adjusted until 
maximum pulse height was observed. This meant that the «-particles came to 
the end of their range at the end of the sensitive volume. If the «-particles stopped 
inside the sensitive volume the energy given up in it was obviously smaller; if 
they overshot the end of the sensitive volume by more than 1 mm air equivalent, 
the energy was also smaller since the specific ionization is greatest at the end of 
the range. The stopping power of the vapour was calculated from the range of 
the 8-78 Mey «-particles from ThC’ and from the knowledge of the position of 
the source. From the stopping power of the gas and from the length of the 
sensitive volume the energy given up in the sensitive volume was calculated as 
a function of the source position. Pulses obtained with two positions of the 
source were recorded on the film and were measured with the use of an optical 
projection arrangement. 
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Fig. 5. (a) The pulse-height distribution obtained with the «-particle source in the position 
giving maximum pulse height ; (b) The pulse-height distribution obtained with the pulses 
from the pulse generator. The spreading is due to noise in the amplifier. 

The stopping power of the saturated carbon tetrachloride vapour at the 
pressure of 8-1+0-05 cm Hg was found to be 0-38+0-01 relative to air. This 
was in fair agreement with the value of 0-42 + 0-04 calculated from the atomic 
stopping powers of carbon (Gray 1944) and chlorine (Geiger 1933). The energy 
given up by, an «-particle crossing the sensitive volume and stopping at the end 
of it was calculated as 4:56+0-09mev for a particle travelling in a direction 
parallel to the axis. : 

A large number of pulses were filmed with the Th(B+C) source in a 
position corresponding to this energy. Figure 5(a) shows the distribution 
obtained in terms of the divisions of the measuring scale. ‘The general shape 
of the histogram corresponded to the energy spectrum of the source as measured 
before the source was introduced into the chamber. One division of the measuring 
scale was nearly equivalent to 1 Mev, so that for the purpose of the calculation of 


errors they could be regarded as exactly equivalent. 
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The effect of noise on the distribution of fig. 5(a@) was measured by feeding 
a number of constant height pulses from the pulse generator into the preamplifier. 
The resulting distribution is shown in fig. 5(b). It will be seen that noise resulted 
in a probability of some 6% for a pulse to fall in the interval 0-1 Mev higher than 
that containing the most probable value. It followed that the real end-point of 
the calibration histogram (fig. 5(a)) lay in the interval 4-6—4-7 divisions. 
Accordingly the scale calibration of 4-65 divisions for 4:56 + 0:10 Mev was accepted. 

Further, the effect of varying the differentiating and integrating time constants 
of the amplifier was investigated. Distributions of «-particle pulses were 
measured with the amplifier time constants set at 60, 100 and 140 microseconds 
(in each case the two time constants were equal). ‘The position of the end-point 
of the distribution was found to be almost independent of the time constants 
in this range. This meant that the pulse heights were essentially independent 


of the location of the tracks of ionization in the chamber; it also showed that the — 


controls of the amplifier could be safely re-set. The histogram of fig. 5(a) was 
obtained with the setting of 60 sec, used also in the rest of the experiment. 

In the subsequent interpretation of results it was assumed that the pulse 
height varied proportionally with energy. ‘This was justified by the end-point 
energy of the pulse height distribution obtained with the calibrating source 
withdrawn 30 mm away from the sensitive volume. 


(iv) Results 
Figure 6(a) shows the total histogram obtained in the experiment. The 
pulse heights obtained in the individual experimental runs were corrected for 
small variations in the gain of the amplifier and the oscillograph. The pulses 
from the pulse generator were used for the purpose of this normalization. 
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Fig. 6. @) The experimental histogram of pulse heights due to «-particles from the reaction 
*°Cl(n, «)??P ; (b) The same histogram after each ordinate had been broadened to show 


the effect of noise and ‘ piling up’. 

‘The spread in the recorded pulse heights, obtained with the pulses from the 
pulse generator, was used to measure experimentally the joint effect of the 
amplifier noise and the ‘piling up’ of pulses. Figure 7 shows the distribution 
of pulse heights obtained when the output of the pulse generator was superimposed 
on the pulses arriving from the ionization chamber. The distribution includes 
only those pulses which were due to the pulse generator; these could be easily 
distinguished on the film, as they were regularly spaced in time. 


_ ae 
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In order to establish the effect of noise and ‘piling up’ on the location of the 
end-point of the histogram, the spreading represented in fig. 7 was applied to 
each ordinate of the histogram of fig. 6(a), thus producing the histogram of 
fig. 6(b). As can be seen this procedure made little difference to the appearance 
of the histogram, from which it was concluded that the histogram of fig. 6(a) 
represented truly the energy distribution of the pulses. It appeared possible, 
however, that the ordinate in the interval 4-5—4-6 divisions was due to spreading. 
Accordingly the end-point was taken as lying at 4-5 +0-05 divisions. 

The expected shape of the histogram was computed theoretically on the basis 
of the geometry of the chamber, and on the assumptions that only one group 
of «-particles existed with a Q-value of +1-1 Mev, that the reaction occurred 
isotropically, and that the incident neutron spectrum was uniform between the 
energies of 2-74Mev and 3-:34mev. The experimentally established spreading 
was applied to the computed histogram and the distribution of fig. 8 was thus 
obtained. 
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om Pb? g_~=CFig. 7. The pulse-height distribution obtained with the pulses from the 
Deviation from Most pulse generator superimposed on the pulses from the ionization 
Probable Value (MeV) chamber. ‘The spreading is due to noise and to the ‘ piling up’. 


The comparison of the shapes of the experimental (fig. 6(@)) and the 
expected (fig. 8) histograms provided an alternative way of establishing the 
position of the end-point and the probable error. ‘This was done by means of 
a curve-fitting procedure, carried out for particles of energy greater than 3-8 Mev. 
The method confirmed the value of 4:5 divisions for the end-point, and gave a 
probable error of 0-1 division. ‘The curve-fitting procedure consisted in choosing 
several possible positions for the end-point of the experimental histogram. In 
each case the relative weight of the histogram ordinates was computed as a 
function of the energy separation of the ordinate considered from the assumed 
end-point. The same procedure was carried out on the theoretical histogram, 
where the true value of the end-point energy was known. ‘The theoretical weight 
distribution was compared with those obtained from the experimental histogram 
and that value of the end-point energy was accepted for which the best agreement 
was obtained. 

The energy of the end-point of the histogram was therefore 4:5 + 0-1 divisions 
or, converting to energy units and taking account of the probable error of the 
calibration, 4:-41+0:15mev. This pulse energy, together with the maximum 
neutron energy of 3:34Mev, gave O= +1:07+0-15 Mev for the Q-value of the 
reaction -Cil(na)**P. . 
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It will be seen that the general shapes of the experimental and the computed 
histograms differ considerably. The experimental histogram indicates the 
presence of an unexpectedly large number of low energy «-particles. This 
may be interpreted as evidence of the presence of an «-particle group of lower 


energy. In view of the relatively small total number of particles, however, the _ 


evidence is considered inconclusive. 


§4. CONCLUSION 


The Q-values obtained for the reactions **S(«, p)®°Cl and *Cl(n, «)?*P are 
mutually consistent and the problem of the apparent discrepancy (see §1) in 
the mass difference of 2S and *°Cl is resolved. ‘The value of the difference in 
mass excess derived from the reaction *?S(«, p)®°Cl is 1:96+0-11 Mev. ‘That 
derived from the reaction *Cl(n,«)?2P and from the f-energy of **P is 
1:98+0-15mev. The two values agree well with the value obtained from 
Okuda’s mass spectrographic measurements (see table). 

Since the conclusion of the present author’s experimental work a number of 
papers have appeared bearing on the question of the mass difference of #5 and *°Cl. 

Collins, Nier and Johnson (1951) measured the masses of 32S and *°Cl, and 
obtained the values of 31-982236 + (7 x 10-*) m.u. and 34-98004 + (5 x 10-°) M.u. 


respectively. ‘These figures gave 2-04 + 0-05 Mev for the difference in mass excess ~ 


of the two nuclei, which agrees within the experimental error with the result of 
the present author. 

Wentink, Koski and Cohen (1951) determined spectroscopically the ratios of 
the mass differences of the sulphur isotopes 2S, 38S, 94S and °S. From these 
ratios, with the use of Davison’s (1949) values of the masses of *2S, 33S and 34S, 
the authors calculated the mass of *°S. The present author recalculated their 
results on the basis of the 52S —%°S mass difference, recently obtained by Strait 
et al. (1951) in a new investigation of the reaction *?S(d, p)?8S. The value thus 
obtained for the difference in mass excess of ®2S and *°S was 2-09 + 0-33 Mev. 
This taken in conjunction with the energy of the B-decay of 3°S (Cook et al. 1948) 
gave 2:12 + 0-33 Mev for the 2S — *5C] difference in mass excess, again in agiccmees 
with the present author. 

The question remains open why the result of the present author disagrees 
with that of Metzger et al. (1947). It is perhaps significant to remark that the 
Q-value of the reaction **S(n, «)?®Si was also measured in the Basel laboratory 
(Stebler and Huber 1948). The value obtained was 1:16 + 0-15 Mev. The expected 
Q-value for this reaction can be calculated on the basis of the B-decay energy of 
**P and the Q-values of the reactions $'P(d, «)®®Si and 34P(d, p)?2P. The p-energy 
is 1-712 + 0-008 Mev (Mattauch and Flammersfeld 1949), the first Q-value was 
measured as +8-158 +0-011 Mev by Van Patter et al. (1952) and the second 
as +5-704+0-009 Mev by Strait et al. (1951). These figures lead to 
Q=1-52 + 0:02 mev for the reaction #2S(n, «)?°Si. It thus appears that the values 
obtained in Basel for both the Q-value of the reaction *2S(n, a)*°Si and that of 
the reaction *Cl(n, ~)?2P are too low. 


ACKNOWLEDGMENTS 


The author wishes to thank Professor Sir George Thomson and Professor S. 
Devons for their help and for many valuable discussions. 


The Mass Difference of Sulphur 32 and Chlorine 35 1015 


REFERENCES 

Cotuins, T. L., Nrer, A. O., and JoHNson, W. H., 1951, Phys. Rev., 81, 717. 

Cook, S. C., LANGER, L. M., and Price, H. C., 1948, Phys. Rev., 74, 548. 

Davison, P. W., 1949, Phys. Rev., 75, 757. 

Ewa Lb, H., 1951, Z. Naturforsch., 6a, 293. 

FLUEGGE, S., and Marraucu, J., 1943, Phys. Z., 44, 181. 

GeicrrR, H., 1933, Handb. Phys., 22/2, 209. 

Gray, L. H., 1944, Proc. Camb. Phil. Soc., 40, 72. 

Haxe, O., 1935, Phys. Z., 36, 804. 

LivincsTon, M. S., and Betue, H. A., 1937, Rev. Mod. Phys., 9, 245. 

Matraucn, J., and FLAMMERSFELD, A., 1949, Isotopic Report (‘Tiibingen: Verlag Zeitschrift 
fiir Naturforschung). 

Metzcer, F., Huper, P., and ALDrER, F., 1947, Helv. Phys. Acta, 20, 236. 

Scuraber, E. F., and Potiarp, E., 1941, Phys. Rev., 59, 277. 

STEBLER, A., and Huser, P., 1948, Helv. Phys. Acta, 21, 59. 

STrait, E. N., Van Patter, D. M., BUECHNER, W. W., and SperDuTO, A., 1951, Phys. 
Rev., 81, 747. 

TOLLestRuP, A., FOWLER, W. A., and Lauritsen, C. C., 1950, Phys. Rev., 78, 372. 

VaN Patter, D. M., SPERDUTO, A., ENpT, P. M., BuUECHNER, W. W., and ENGE, H. A., 1952, 
Phys. Rev., 85, 142. 

WENTINE, T., Koski, W. S., and CoHEN, V. W., 1951, Phys. Rev., 81, 948. 

WiLxinson, D. H., 1950, lonization Chambers and Counters (Cambridge : University Press). 


The M,, and M, Absorption Edges of *’Pr, °Nd, “Sm and “°Eu* 


by Hak. ZANDY; 
Physics Department, University College of Leicester 


Communicated by E. A. Stewardson; MS. received 2nd May 1952 


ABSTRACT. Investigations on the My;y and My absorption edges of four of the ‘ light’ 
rare earth elements are described, using a bent crystal focusing spectrometer. In particular, 
close attention has been paid to the occurrence of fine structure (‘ white lines’) on the 
long wavelength side of the edge. Such white lines are found at both edges for *°Pr, 
60Nid, and ®*Sm, but for ®**Eu, while a white line is found at the My edge, it is absent or 
very weak at the My edge. 


§1. INTRODUCTION 

T has long been known that x-ray absorption edges of a number of elements 
| are preceded on the long wavelength side by a narrow region of enhanced 
absorption giving the appearance on the photograph of a white line 
immediately before the main absorption edge. ‘Thus Coster (1924) found such 
a line on the long wavelength side of the K edge of Mn in KMnO,, while similar 
effects have been observed by Veldkampf (1935) for the Ly; and Ly; edges of 
Ta and W and by Sandstrém for the Ly and Ly, edges of elements ranging 
from Sc to Cu. Among more recent examples of the effect, mention may be 
made particularly of the observation by Rule (1945) that a white line exists on 

the long wavelength side of the My;y and My edges of Sm. 
In the case of elements belonging to transition series it is natural to seek the 
origin of the ‘white line’ in transitions from the appropriate initial level into 
* The material of this paper formed part of a thesis presented for the degree of M.Sc, at 


Birmingham University in December 1949. 
+ Now at the Faculty of Technology, University of Teheran. 
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the incomplete electron groups characteristic of such elements. Such would 
seem to be the explanation of Rule’s result for the rare earth element ®Sm, 
where the vacant levels occur in the incomplete 4f shell relatively deep in the 
atom and probably well separated energetically from the continuum of levels 
outside the atom. As the final level in such white-line absorption would be in 
the 4f group, one would expect it to be well marked (owing to the operation of 
the usual selection rules) in the case of the M;y and My edges, and such effects 
should be in evidence more or less for the whole series of the rare earth elements. 
The present paper describes the results of investigations into the M;y and My 
edges of four of the ‘light’ rare earth elements, namely **Pr, ®°Nd, Sm and 
68Eu. Of the four elements mentioned only one, °Sm, had previously been 
investigated, as stated above, by Rule. All four elements have been used in the 
form of oxide only. 


§2. APPARATUS AND EXPERIMENTAL METHOD 


The Myy and My absorption edges of the rare earths lie in the soft x-ray 
region (from c.8A upwards), and a vacuum spectrograph has been specially 
constructed for the investigation. The spectra are produced by a bent crystal 
focusing spectrometer employing the reflection method of Johann (1931). The 
general design owes much to the various published descriptions of focusing ~ 
X-ray spectrometers, particularly those of Cauchois (1932, 1933, 1945) and to 
information supplied privately by her. 


Fig. 1. A, pivot for spectrometer ; B, pivot for film holder ;_ C, crystal holder ; D, selector 
shutter ; E, electromagnet for operating shutter ; F, film holder ~°G, to McLeod gauge ; 
H, Al foil carrier ; J, ground joint ; K, spectrometer clamp ; L, levelling screw : 
M, filament assembly ; N, lead screen ; P, pumping port ; R, groove for rubber gasket : 
S, scale ; 'T’, target ; V, adjusting screw for crystal holder ; W, insulated leads for filament : 
X, evaporation oven ; Y, film-holder clamp. : 


The whole system, consisting of x-ray source, evaporation plant'for preparation 
of absorption films and spectrometer, is housed in a mild-steel cylindrical tank. 
A plan showing the disposition of the various components on the base plate of 
the tank is shown in fig. 1. The crystal used to produce the spectra is mica 
bent to a racius of curvature of 16 in., giving a focal. circle of 8 in. radius. This 
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small radius necessitates the use of photographic film instead of plate. The 
dispersion is approximately 40 x.u. per mm at 10000x.u. The x-ray source 
is of conventional hot-cathode and target type and gives a line source about 
15 mm long situated about 8 cm from the crystal. The water-cooled anticathode 

has three targets—one of tungsten for production of continuous spectra, and 
two of copper which carry materials for producing reference spectra. The cathode 
is made of oxide-coated nickel strip to avoid production of excessive light within 
the tank. This strip is replaced after each exposure. 

Absorption tilms of the rare earth oxide are made by evaporating the 
material on to thin aluminium foil from an electrically heated molybdenum or 
tantalum strip. ‘The oven is fastened to the under side of the base plate and, after 
receiving its coating, the aluminium foil can be brought into the x-ray beam between 
the source and crystal by means of a mechanical device operated from outside 
the tank. The absorption film is thus prepared and brought into position without 
being exposed to the atmosphere. The tank is exhausted by a mercury diffusion 
pump which maintains a pressure of the order of 10-2 micron. 

The exposures needed to register the absorption spectra range from 300 to 
1240 milliamp-hours. With currents of the order of 25 ma this means actual 
exposure times up to 50 hours. Each exposure is made continuously without 
any intermission. High-order K spectra of elements ranging from P to **Fe 
are used as reference spectra. 

Wavelengths are determined by the now standard procedure of interpolating 
linearly between two known reference lines to determine the Bragg angle of the 
required line. The wavelength of this line or point in the spectrum is then 
derived in the usual fashion from the Bragg angle so computed. ‘The wavelengths 
of reference lines are taken from the tables of Cauchois and Hulubei (1947) and 
results are therefore expressed in the units used in those tables, i.e. x.u. The 
computation of wavelengths involves a knowledge of the appropriate lattice 
constant of the crystal used, in this case mica. The lattice constant of mica 
however is known to be slightly variable. In some preliminary experiments 
the wavelengths of a number of known lines, particularly L lines of tungsten, were 
determined using the values for mica given by Siegbahn (1931), multiplying his 
values in angstroms by 1000 and treating the result as x.u. ‘This was found to give 
the values of the wavelengths of the known lines differing from the values 
tabulated in the tables of Cauchois and Hulubei by amounts less than the probable 
experimental error. ‘These values for the lattice constants of mica have therefore 
been used throughout. ‘This procedure is justified by the excellent agreement 
obtained between Rule’s measurements on ®?Sm and the values found in this 
work. 

For the determination of the wavelengths of lines, readings of positions 
taken directly from the negative are probably adequate, but for the determination 
of the position of absorption edges it is advisable to make measurements on the 
density curves in their neighbourhood. As a microphotometer was not available 
in the Jaboratory at the time, earlier measurements were made with a non-recording 
microphotometer in the laboratories of the British ‘Thomson-Houston Company 
at Rugby, while final measurements have been made from curves obtained with 
the recording microphotometer in the Physical Laboratories of the Imperial 
College of Science, London. The overall error in wavelength determination is 
estimated to be about +2 x.U. 
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The thickness of the absorption films is estimated from the amount of rare 
earth oxide evaporated and the distance from the source to the foil on which 
deposition took place. This gives results reliable to order of magnitude only, 
but on the other hand the relative values of the thicknesses are probably fairly 
trustworthy as the evaporations are carried ouc under as nearly as possible identical 
conditions. The greatest uncertainty exists in the case of *°Pr as this is used 
in the form of the higher oxide Pr,O,,, and it is possible that it loses some part 
of its oxygen in the process of evaporation, reverting to some extent to Pr,Og. 

The question of the optimum thickness of absorption film needed to give 
best contrast at the absorption edge has been considered by Sandstrom (1930) 
using Jénssen’s absorption law (1928), while McGrath (1939) has worked out 
the optimum thickness in the case of gold. For the Myy and My edges he gives 
0:50 and 0-79 mg/cm? respectively. Thicknesses of the order of one-fifth of these 
values are found most suitable for bringing out the white lines accompanying 
the Myy and My edges of the rare earths described in the present paper. 


§3. RESULTS 

‘White line’ structure is found on the long wavelength side of nearly all 
the edges studied, the only case where it appears to be absent, or at least not 
prominent, being the Myy edge of Eu. This type of structure is very clear to the 
naked eye on the negatives themselves. Photometer curves of the negatives 
have been taken in all cases, rather with a view to determining more accurately 
the positions of maxima and minima than to reveal structure. In actual fact 
the photometer curves reveal no structure that is not readily noticeable co the eye. 

In many cases ‘Lindsay—Kronig’ structure is noticeable on the short 
wavelength side of the edges. This is, in general, much fainter than the white 
line on the long wavelength side of the edge. No attempt has been made to 
determine the optimum conditions for bringing it out, and it is ignored in the 
present account of the investigation. 

Tracings of the photometer curves obtained for the various edges investigated 
are shown in figs. 2-8, while wavelengths of the various points of possible 
physical significance on the curves are given in tables 1-4 (all wavelengths 
are given in X.U.). In referring to the curves the following symbols are used: 
K (with subscript if necessary) is used to indicate a point of inflection; other 
roman capitals denote minima (i.e. absorption maxima) and Greek letters the 
intervening maxima (i.e. absorption minima). ’ 

The figures show the results obtained for absorption films of four different 
thicknesses each of Sm and Nd, one of Pr and two of Eu. In order to link 
up with the only previous work in this field (that of Rule 1945) a study of the 
samarium absorption was undertaken first. It is satisfying to find close agreement 
with Rule’s results in this case, although he distinguishes additional components 
(two on each side of B) which have not been observed in the present investigation 
(due possibly to the use of a rather smaller dispersion). In giving his results for 
comparison therefore the mean of his two components is given in brackets and 
equated to the wavelength of the.single point of inflection found in the present 
work. In this and all other tables gaps in the list of wavelengths signify that the 


corresponding points on the curves are not sufficiently well defined for accurate 
wavelength determination. 
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In all cases the following general features are noticeable: for very thin 
absorption films the absorption over the whole region of the edge appears almost 
line-like in character, but changes gradually to the typical edge-like absorption 
as the thickness is increased. ‘The white lines, when present (indicated by the 
minima B, C... .), appear to move down the edge as thickness increases, becoming 
merged eventually in the general absorption of the edge, so that for very great 
thickness the ‘edge’ appears normal, but is actually represented by the long 
wavelength side of the line. The wavelengths of the lines and points of inflection, 
however, show nosystematic change with thickness—a satisfactory result, indicating 


0-038 mg/cm? 0-077 mg/cm? 0:153 mg/cm? : O-1S3mg/cm*__ |. 9.306 mg/cm? 


Fig, 3. 
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Fig. 5. 
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that the films are throughout still sufficiently thin to make negligible any difference 
between turning points on the curve of blackening and those of the true absorption 
curve (cf. Sandstrom 1936). In order to save space, in tables 1-4 the mean values 
only for the wavelengths are given, these being averaged over the various thicknesses 
of absorbing film. 

Turning next to particular results, it will be seen that there is positive evidence 
for the occurrence of (a) one white line at both Myy and My edges of °*Pr, 
(b) two white lines at the My edge of ®Nd and one at the My edge, (c) one at 


1020 


both edges of ®Sm, and (d) one at the My edge of ®Eu. With regard to the 
last-mentioned element there is no sign of a white line at the Myy edge for the 
thinner film (0-03 mg/cm®), but for the thicker film (0-13 mg/cm?) there is a doubtful 


H. F. Zandy 


Table 1. Myy and My edges of °Sm 


Myy edge My edge 
A (mean) A (Rule) Fi (mean) A (mean) A (Rule) 5 (mean) 
K, 11262-6 (11260:5) 80°91 11525-6 (11525 -2) 79-06 
B 11250°5 11250-4 80-998 11510-6 150 tes 79-16 
a 11242°5 11240-1 81-06 AS Oar 11500°5 79-21 
K, 11224-2 (11228-0) 81-187 11489 -2 (11487-9) 79-315 
A 11200-7 1203 2 81:36 11454-2 11460-1 79:56 | 
Table 2. Myy and My edges of ®°Nd 
Mry edge My edge 
A (mean) 3 (mean) X (mean) 2 (mean) 
IK 12433 73-29 
& 12415 73-401 7 
B 12411 73-42 
K, 12398 73-58 NOTA 71-69 
B 12390 73549 12696 71-776 
a 12386 USP 2? 12689 71-82 
Ke 12377 73-626 12666 71-946 - 
A 12364 T3103 12633 PES 
Table 3. Myy and My Edges of 5®Pr 
Myy edge My edge 
A (mean) = (mean) A (mean) 7 (mean) 
K, 13095 69-589 13366 68-178 
B 13075 69-695 13354 68-239 
a 13061 69-770 13349 68-265 
K, 13042 69-872 13330 68-362 
A 13019 69-993 13310 68-465 
Table 4. Myy and My Edges of ® Eu 
Mhy edge My edge 
A (mean) s (mean) A (mean) 5 (mean) 
K 10689 85°25 Ke 10990 82-92 
A 10667 85-43 B 10981 82:99 
ey 10970 83-07 
KS 10949 33 23 
A 10931 Soe37 


trace of a white line at this edge (shown at B in fig. 7). It is mentioned with some 
reserve as it is very faint and has been observed in this one instance only. Its 


wavelength is approximately 10730 x.v. 


is certainly in need of confirmation. 


The existence of the line however 
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§4. DISCUSSION 


The common occurrence of the white lines for all four elements studied 
supports the general idea that they arise from transitions from the Myy, y groups 
to the incomplete 4f (Ny; yi) groups, and, taking account of the fact that the 
selection rules would ‘forbid’ only the M,y— Nyy; transition, the occurrence 
of prominent white lines at both edges for ®°Pr, 6°Nd and ®&Sm but at the My edge 
only for Eu suggests that the lighter rare earths (®8Ce to Sm) tend to build up 
an Ny;electron group, this group becoming complete at ®Eu, in general conformity 
with the simplest possible picture of the building up of the rare earth series 
(see e.g. v. Hevesy 1927). It would seem unwise to stress this, however, until 
data about other members of the series are available. 

Considering next the true edges, these should arise from transitions from 
Myy, y to the continuum of unoccupied levels commencing at a higher value than 
the Ny; yr levels—possibly Oy; yy. Granting the above interpretation of the 
white lines, it follows that the edges should be represented approximately by 
the points of inflection between the point of maximum absorption (A in all cases) 
and the first white line which occurs on the long wavelength side of this maximum. 
That is to say, the Myy edges correspond to the points K, for *°Pr, ®°Nd and Sm 
and to K for Eu, and the My edges to the K, for all four elements. These 
points of inflection will not give the true wavelength of the edge, however, as 
the absorption of the neighbouring white line will be partly superimposed on it 
and a correction should be applied (cf. Sandstrom 1935). This correction has 
not been made in the present instance as in general the profiles of the white lines 
have not been well enough brought out. A rough estimate shows that it may 
increase the actual wavelengths by about 5 x.v. 

In his paper on the samarium edges Rule seeks to establish correspondence 
between the physically significant points on the aborption curves with the 
M-emission lines as measured by Lindberg (1931). As there is quite close 
agreement between Rule’s wavelengths and those found here, his correspondences 
may be regarded as to some extent confirmed, although in general it is not clear 
what physical significance should be attached to such ‘correspondence’. ‘The 
fairly close agreement between the white line minimum A on the Myy edge 
(11 250-4 x.u.) and the Mf, emission line (11254 x.u., ascribed to the transition 
My,y—Ny;) may, however, be of significance. In the case of Nd and Eu a 
comparison of Lindberg’s emission results with the results given in this paper 
have revealed no obvious correspondences. For Pr no emission data for the 
M series seem to have been published. An attempt has therefore been made 
to photograph the M spectrum of this element. ‘This has proved to be fairly 
difficult. While the Mf line can be obtained quite readily, it is very difficult to 
obtain the « line with any intensity. Trouble is also experienced with the rather 
intense L, radiation of the copper target, which tends to overlap and obscure 
the Pr lines. Some exposures have therefore been made using a molybdenum 
target as a support for the Pr oxide. his allows the lines to be brought out 
sufficiently well to be measured, with some uncertainty, however, as they are 
very diffuse. Using Cl-Kz, (3rd order) and Mo—Ly, , (3rd order) as reference 
lines the following values for the wavelengths are obtained: Ma, 13315 x.u.; 
Mpy, 12977 x.u.; My, 13022 x.u.; Mfr, 13063 x.u. Here again no obvious 
or close correspondence seems to exist between either of the white lines observed 
_for Pr and any of the emission lines listed above. 
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ABSTRACT. By the solution of Bloch’s equation for the density matrix, a development 
is obtained suitable for the exact evaluation of the second virial coefficient near absolute 
zero. Assuming a molecular interaction of the Lennard-Jones type, it is shown that the 
virial coefficient for helium is — {4(7B)*/?+ 31-15 wB+O(1)}4°, 7B=38-04/T. 

General formulae are given for fluids the molecules of which satisfy Bose or Fermi 
statistics. 


§1. INTRODUCTION 
HE second virial coefficient, which measures the deviation of slightly 
| dense gases from the classical perfect gas law, is a physical quantity of | 
considerable importance. As shown by Lennard-Jones (1924), a com- 
parison of theoretical and experimental values may be used to infer the 
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intermolecular force law. In the case of helium it was possible to check the 
forces so obtained by Buckingham (1938) with those derived by Slater and 
Kirkwood (1931) from the known structure of the helium atom. A small but 
noticeable discrepancy could be attributed to quantum-mechanical effects, 
neglected in Lennard-Jones’ treatment, and was largely removed by applying 
a quantum-mechanical correction, in the manner of de Boer and Michels (1938). 

The quantum-mechanical correction to the second virial coefficient was 
evaluated by Uhlenbeck and Beth (1936, 1937) by a method which is effective 
at temperatures above 20°K. ‘Taking account of quantum statistics, Massey 
and Buckingham (1938), Gropper (1939), de Boer (1940), and Kahn (1938) 
later attempted to extend calculations to lower temperatures, but their methods 
also fail in the interesting region below 2°K. The purpose of the present paper 
is to determine values of the second virial coefficient in the neighbourhood of 0° k, 
for fluids whose molecules satisfy Bose or Fermi statistics. This is, so far as the 
author is aware, the first rigorous theoretical calculation of any physical quantity 
at liquid helium temperatures, based on a realistic molecular model. The result 
may be useful in low temperature thermometry, which has so far had to rely on 
the indirect method of adiabatic demagnetization at temperatures below 1°x. 

The method is a specialization of one developed recently by the author 
(Green 1952) which leads to formulae from which all the virial coefficients might, 
in principle, be calculated. However, since the example considered is much 
simpler than the general case, the theory required is here developed briefly from 
first principles. ‘The point of departure is Bloch’s equation for the density 
matrix; one could, however, use other methods—for example, the operational 
method of Goldberger and Adams (1952), or that suggested by the author (Green 
1951) starting from an equation due to Wigner (1932). ‘The common feature 
of these methods is a development in terms of the force constant. The convergence 
of this development is here established in the most convincing way, by the 
summation of the resulting series. 

The intermolecular force law adopted is that which gives a potential energy 


f(r) = —Ar-8 + pr”, rDde 
=¢(e), eae, ep Bey ar (1) 


between the two molecules. For reasons well known in quantum theory, 
difficulties arise in dealing with very singular potential functions, which require 
the introduction of the small quantity «; however, on physical grounds one 
would not expect results to depend very sensitively on this parameter, and in 
fact it is possible to determine an asymptotic value of the second virial coefficient 
in the limit « =0. 

An interesting difference emerges between the virial coefhcients of fluids 
which satisfy Bose statistics, and those which satisfy Fermi statistics. In the 
former case, the deviation of the second virial coefficient from that of an ideal gas 
is inversely proportional to the temperature near absolute zero; in the latter 
case it approaches a constant value. In each case, the terms arising from the 
interaction of the molecules play a comparatively important part above 0-1°K. 

Little support is found for the contention (Matsubara 1951) that quantum 
statistics play a more essential role than quantum mechanics in determining the 
behaviour of fluids at very low temperatures. Classical statistics occupy a 
position intermediate between the two kinds of quantum statistics; but the 
application of quantum mechanics is always essential. 
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§2. SOLUTION OF BLOCH’S EQUATION 


For a system of two equal particles whose mutual potential energy at relative 
displacement r is 4(r), Bloch’s equation for the density matrix is 


PPOO2” TE OE 0 
pci allaley Spa eA Ss AE LT RD LO 2 
e or | 4m aa) r 135 +6) (2) 
where B=1/(RT) and x is the coordinate vector of the mass-centre. Units of 


mass and time will henceforth be chosen so that h=m=1. 
The density matrix p is subject to the boundary condition 


p(x,r; x’, nr’) =d(r—r’)d(x—x’) for fo fe | lta cer (3) 
in classical statistics; in quantum statistics one has 
Pil X CRT = pOS Per) pk, Tee ee (4) 


where the plus sign distinguishes Bose statistics, and the minus sign Fermi 
statistics. 
The solution of (2) which satisfies the initial condition (3) is 


p=(aB) exp {—(x— x P/Byotr,r) aes (5) 


where 


ofr, ’) =e(r—"', 8) — | ; dp, | deyp(r)e(r—r,, B— Br) {e(r,- r', By) 
as (a dp, i dr.¢(ra)e(r —ry, B—B,)e(r: — ts, By — Ba)e(r.—r’, p.) | Seri. 


e(r, B) =(478)-9? exp (— r?/48). 


This is readily verified by direct substitution, once it has been observed that 
e(r—r’, B — B’) is the solution of (2) with 4(r)=0, which approaches 8(r—r’) as 
8" approaches £ from below. ‘The integrations with respect to B,, Bs, etc. in (6) 
could be carried out immediately with the help of the mathematical identity* 


[" db,e(s, B—Pr)e(t, By) = G49 sa Sone 7) 


However, these integrations are better left till later. 


§3) THE SECOND VIRIAL COERFICIENT 


The second virial coefficient is given by the formula 
B=4|{1~gir)) dric -. gre ee a pers (8) 


where g(r) is the probability of finding two molecules, unperturbed by any others, 
at distance-r, normalized to 1 at large distances. The quantum-mechanical 
derivation of this formula is contained in the quantum-theoretical generalization 
of Mayer’s cluster theory by Uhlenbeck and Kahn (1938). Since 


B(r) = (27 8)P oj Gr) a Sy ee (9) 


* Reduced by substitution B,= Bu?/(1-+-u2) to the integral (021-10) of Groebner and Hofreiter’s 
Integraltafel, vol. 2. 


The Second Virial Coefficient near Absolute Zero 1025 


the second virial coefficient for quantum statistics is given by 
=$[{(1-(2nB) (xr; xr)}dr fee (10) 
— $(27B)8 | (x, —r;x,r)dr, 


if B always represents the value for classical statistics. 
Making use of (5) and (6), and also the identity 


| dre(r—ry, B—By)e(rs—r, Ba) =e(ts— 14,8 —B, +B) -.-- (11) 


one obtains 


(4n8)-9° {288 | dryb(r)h=—4 [dB [ deydiry) | drad( re 
x (ry —1, B—B,)e(try — ha, By) +} [ dB, i Se ae (12) 


The integrations with respect to f,, fy, etc. are now performed with the help 
of (7), giving 


2B/B= | srs)ar,— | desde) [ zoe | exp {—41r,—n)/48) 


des$(ts) Oo tah 
— [opt exp.{- (re ril+ [rs rel tr D248 | 4 
is OES eS ea 
2B'p=—(mp)*2/8+ | drib(rs)| exp(—4r2/48) 
-(aes ox {=(|re—ri]+[ritre |) pap} | +-- pee (14) 


For large values of f the right-hand sides of these expressions can be developed 
in series of the type 


2B/B=R, +R pt+R Bb A+...., (15) 
2B'/B=Ry' + RB>+....—(mB)/Bi [-— 
where Ak — Khe = | b¢r)x( )r(r) dr, 
ae dri (71) dri(r,) ( drod(72) 
sileli ertpemen ts ie a eae be i bee (16) 
and 
Ry=4{ arg(r) [ de’h(r’){3 [re [r(r)r(r)/4r + |e’ P(r e)} 
—2n { { p(r)x( r) dr/4r }* 5 
G 1 iN 
SG ry rere Ba ered ceri aes (17) 
while R,-R, = | b(r)r? de — | drp(r) [ de'f(r')r w'c(rr’).  ceeee, (18) 


The higher coefficients are of the type 
R=R,+R lnB+R,817+R 67 lnB  —  ...s.. (19) 
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as one sees readily by making a development of a typical integral 
J, dedtexp(—r/B)}r" dr 


for large values of f, and integral values of . It is clear, however, that an 
evaluation of Ry, Ry, Ro’ and R,’ will be sufficient to determine the second virial 
coefficient, near absolute zero. 

It is not immediately obvious that the infinite series which define 7z(r) and 
x(r,r’) in (16) and (17) converge. Assuming this for the present, they then 
satisfy the integral equations 


d= | Ser ee (20) 
/ 1 (ys )b(73) dry 
and AO)= gece) a ela oss cee (21) 


In the next section, it will be shown that these integral equations possess unique 
solutions, which can be expanded as double power series in A and p. ‘These 
solutions must be the sums of the series defining 7(r) and «(r, r’), which therefore 


converge. 
As a matter of interest, it may be noted that 


a(r)=1— | (rb) deo ee eee (22) 


§4. SOLUTION OF THE INTEGRAL EQUATIONS 


The integral equation (20) is solved by first noticing that r(r) satisfies the 
differential equation ; 


Ld? o 
7 dp {rr(r)} = 52”) = OFT) we oe coua. tenn (23) 
and also the boundary conditions 
7(7r)= 1 when in=.co, ror) 20> whens r0s Gee (24) 
Substituting (1) into (22), one has 
rz(r) = Ay sinh [{¢(e) 77] r<e in 
where A, is a constant; also, since the equation reduces to 
SMe (—pthe t+ Beal, (26) 
= tp k= }Ap- dl 


for r >e, the solution in terms of the confluent hypergeometric function must be* 
7= 358i Mi, _4(2) + A(dp?)-4 My (2)}, TEES Siete (27) 


The constants Ay and A in (25) and (27) must be chosen to ensure the 
continuity of r(r) and 7’(r). ‘Thus the value of A is determined by 


{4(c)}! coth [ef f(e)}""] = — Jeo f'(ar)ifle), so = Aube 
fa) =2- (404M, _(2)+ AM, (2) ee (28) 


Now, it can be seen from Kummer’s first formula that 2—9°M, _,(%) and 
x 8M), ,(z) are both even functions of p12, and can therefore be represented as 


*See Whittaker and Watson’s Modern Analysis, chap. 16. 
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absolutely convergent double power series in A and w. It follows from (28) that 
the same is true of A, and therefore also of 7, expressed by (27). The constant Ay 


in (25) is given by 
Ay sinh [{4(€)}?€] = f(z9), te Oct (29) 


so 7(7), expressed by (25), has also a convergent expansion in powers of A and w. 
One concludes that the solution obtained of (20).is the sum of the series defined 
in (16). 

For the practical determination of A in the limit «=0, it is convenient to 
express f(z) in (28) in terms of Whittaker functions, thus: 


f(z) =z {Ay W,, (2) + AgW_p,(—2)} eee (30) 
which has the asymptotic value 
Gaeta CAreke-82 Ane) et ee (31) 


Substituting this into the continuitv condition of (28), one sees that A, must vanish 
in the limit « =0, and : 
(pth yal (— a) § — 8) 
ra@re—A) 
The integral equation (21) can be solved in a similar way. Expanding « in a 
series of Legendre polynomials of the cosine of the angle between r and r’: 


as 0. pee (32) 


K(r, r’) = PREG 1.) EE UR Tele emt Ee ee oe (33) 


one obtains, for the determination of «,, 


7) = a Be ea (3)" +f (=) f oteameirr)n dr, ....(34) 


forr>r’. Asx(r,r’) is symmetrical with respect to 7 and 7’ it suffices to consider 
this equation. The differential equation satisfied by «, 1s 


(re) — 8 = 40 v5) 


for all values except at r=r’, where there is a discontinuity in the first derivative. 
The boundary conditions are 


1 
4th (r, 1’) =r! — arg | nile) dr,, r=0 1rke,=0, r=0. ...(36) 


It follows that ep Of Ltt ole) era (2) 8 = wales (37) 
for r’ <e <r and that 
4ak, ae (Spt?) 44D (22') 38 My y4+4(2) W,,, + (2") pacer ere (a 8) 


for r>r’ >e—0. The constant D, is fixed by the observation that the derivative 
with respect to r of rx, changes by (2/+1)/(47r) at r=r’; this requires 


D,=T($+H-k)TAItD Oa (39) 
From (36) one sees that 
fri (14,7) P(71) ary = (21+ 1){7'— Dd? )42- 38W;, 442 §} peat: tae: (40) 
which reduces to (22) when /=0. — 
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§5. NUMERICAL RESULTS 
The solutions of (20) and (21) obtained in the last section may now be 
substituted into (16), (17) and (18), thus enabling one to evaluate the coefficients 
in (15). 
From (16) and (20) it follows that 
R=R, =lim, 2 ar 17) Se eee (41) 


with A given by (32). Also, by substituting (33) into (18), and using (40) with 
Z=1, one has 


R,— Ry’ = |r77) $0) ar, 


74(r) = —_D, (4p?) "42-38 W, (2) =ar+br*+O(r*), say.  .«...-- (42) 
Making use of the fact that 7, satisfies the same equation (35) as «;, one has 


R,— Ry =4r E Lom — ar* — br) —2r(r7, — ar? — or) | =127b 
0 
_ QweyMr(= DEG=2) 
CE) Sates 
To evaluate R,, as expressed by (17), one would require more tedious 
calculations. However, the values already obtained suffice to determine B, 
and B_ near absolute zero. One has 


B ,=3P(Ry + Ry) — 3(7B)?” 
An(Su¥2)4T(—2)T (8-8 1, rare 
ee day, 45 Sane: (44) 
B_=}(R,— Ry) + 4x)?” 


_ _ Sa(apt?)*T(—S)PE—R) a7 aysye 
2 T@ra_A +h Cy ks has (45) 


with neglect of terms of lesser orders of magnitude. 

In the units chosen with h=m=1, 7B =38-04 A?/T, where T is the absolute 
temperature and, if Buckingham’s values are accepted, (4u1/*)/4=3-303 4, 
k =0-5432 for helium. (These values should strictly be corrected for quantum- 
mechanical effects at moderately high temperatures, but the work of de Boer 
and Michels (1938) indicates that the error is not large.) Thus 


B,=—31-157B—d(@Bype aa (46) 
B_=(125 +See he eee (47) 


for helium. An estimate can be made of the upper limit to the temperature range 
in which these formulae hold by comparing the term 31-157 in (46) with an 
approximation to the constant term $(R, + R,’) which is the first-order correction ; 
one finds in this way a value slightly less than 1°k. On the other hand, extended 
calculations of R,, Ry, etc. could probably make the development useful up to 
the A-point. At 2-61°x the uncorrected formula (46) predicts a value —482 A° 
for B,, against an experimental value (Keesom and Walstra 1940) of —195 A3;* 
it seems unlikely, therefore, that the formula could be applied above the A-point. 


*'To make the necessary conversion from Amagat units, divide by the molecular number 
density at S.T.P. 
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Owing to the fact that the term proportional to 8 vanishes identically in the 
formula (45) for Fermi statistics, the effect of the molecular interactions does not 
set in till a temperature of a few tenths of a degree Kelvin is reached. In the case 
of fluids, the molecules of which obey Bose statistics, on the other hand, the 
deviation from ideal gas behaviour is already large at temperatures well below 
0:1° x. 
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The Thermal Conductivity of some Polycrystalline Solids at 
Low Temperatures 


By R. BERMAN 
Clarendon Laboratory, Oxford 


Communicated by F. E. Simon; MS. received 3rd Fuly 1952 


ABSTRACT. ‘The thermal conductivities of polycrystalline alumina, beryllia and graphite 
have been measured between 2° K and room temperature. The first two are dielectric 
solids but, even in the graphite specimens, the electronic contribution te the heat conduction 


is very small. 
It is shown that the phonon mean free path is limited by scattering at the crystallite 


boundaries at sufficiently low temperatures. For sintered specimens of alumina and 
beryllia, in which the density is near the single crystal value, it appears that the mean free 
path can become greater than the crystallite size. On the other hand there is no evidence 
that the mean free path can increase above the crystallite size in the graphite specimens, 
although in this case the interpretation of the results is more difficult. 

As a consequence of this restriction on the mean free path, graphite specimens with 
small crystallites are extremely good heat insulators at low temperatures, being better than 
a glass at temperatures below 5 to 10° k. 


SNR © Dior] ON 


HE thermal conductivity of pure dielectric crystals is determined by two 

main factors, the interaction of the Debye waves with one another and 

the scattering of the waves by the boundaries of the crystal. ‘The former 

give rise to a thermal resistance if the interactions are of the Umklapp type, and 

this resistance decreases with decreasing temperature; at sufficiently low 
PROC. PHYS, SOC. LXV, I2—A 67 
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temperatures the resistance falls off exponentially. In a recent paper (Berman, 
Simon and Wilks 1951) this exponential variation has been discussed for the 
case of several single crystals. The scattering of the waves at the boundaries 
leads to a size-dependent conductivity at very low temperatures, an effect 
which was first found by de Haas and Biermasz (1938). According to Casimir’s 
theory (1938), if boundary scattering alone were present the thermal conductivity 
would be proportional to the cube of the absolute temperature (as is the specific 
heat) and to the diameter of the crystal. De Haas and Biermasz showed that at 
the lowest temperatures (~2°k) the conductivity is indeed proportional to the 
diameter for the thinnest crystals, but is less size-dependent for thicker crystals. 
None of their specimens, however, showed as strong a temperature dependence 
as the specific heat. 

Measurements at lower temperatures have been made on potassium chrome 
alum by Bijl (1949) and by Garrett (1950). Between 1-5 and 3-6°K Bijl’s 
measurements fit a 72° law, while Garrett found that between 0-16 and 0-29°k, 
within the experimental accuracy his results fitted a T? law. 

By analogy with kinetic theory the thermal conductivity « can be expressed 
in terms of the mean free path / of the phonons, or lattice waves, responsible for 
the conduction by the equation «x =4/Cv, where C is the specific heat per unit 
volume and wv is the phonon velocity. For boundary scattering this mean free 
path should be of the order of magnitude of the crystal diameter. However, 
in none of the above cases did the calculated mean free path reach this value. 
In Garrett’s measurements, for example, the mean free path was only about 
one-twentieth of the diameter, and he attributed this to scattering at boundaries 
within the crystal caused by some mosaic structure. 

It therefore seemed desirable to carry out further experiments on the size 
effect to determine whether, for any crystals, the phonon mean free path does 
become as great as the crystal diameter at sufficiently low temperatures. It was 
also interesting to see to what extent the crystallite boundaries in a microcrystalline 
solid limit the phonon mean free path. Since compressed crystallites of 
paramagnetic salts and carbon resistors are used for producing and measuring 
low temperatures, this investigation would also be of practical interest. 

It has been possible to carry out the present investigation without going down 
to temperature below 2° by taking advantage of the close connection discussed 
elsewhere (Berman et al. 1951), between the variation of thermal conductivity 
with temperature and the Debye characteristic temperature for specific heats ©. 
The measurements have been made on crystals with high values of © such as 
diamond, graphite, alumina and beryllia so that very low relative temperatures 
could be obtained. As this paper is chiefly concerned with microcrystalline 
solids the measurements on diamond will be published separately later, 


§2. THE EXPERIMENTS 
2.1. Apparatus 


For the measurements below 90°x the apparatus described elsewhere 
(Berman 1951) was used. ‘To extend the measurements to higher temperatures 
a simpler apparatus was constructed in which the specimen was soldered to the 
base of a brass vessel which could be evacuated and immersed in a suitable 
fixed-temperature bath, and the temperature ‘gradient was measured with 
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platinum resistance thermometers. It was satisfactory to find that the values of 
conductivity measured in the neighbourhood of 90° agreed to within 2% in 
all cases with the values obtained with the lower temperature apparatus, in eee 
temperatures are measured with gas thermometers. 


2.2. The Specimens 


(i) Alumina. ‘he artificial sapphire single crystal measured previously 
(Berman 1951) was ground to a diameter of 1-5mm from the original 3mm. 
The sintered alumina was a rod of }in. in diameter obtained from the Royal 
Aircraft Establishment, oda eran The density was 3-70 g/cm, which is 
95% of the single crystal value. 

(ii) Berylia. ‘This was a rod with a square cross section of side 5mm, 
received from Dr. S. G. Bauer of the Atomic Energy Research Establishment. 
The density was 2-94 g/cm, which is over 97% of the single crystal value. 

(iii) Graphite. Four types of graphite were measured. Three were artificial 
graphites and one was a natural graphite. The properties are shown in table 1. 
The artificial graphite was made by the extrusion process which produces a 
slight anisotropy, the crystallites tending to align with their c-axes perpendicular 
to the direction of extrusion. Cylindrical specimens were measured in which 
the lengths were parallel and perpendicular to the direction of extrusion. The 
natural graphite specimens of square cross section were cut out of a block 
kindly supplied by Dr. R. W. Powell of the National Physical Laboratory. The 
density was very close to the single crystal density of 2:25g/cm? and the 
anisotropy was very great. 

Contacts to all these specimens were made by well-fitting copper collars with 
a little grease inserted to take up any irregularities. It was verified that the 
contact thermal resistance was sufficiently small but, as an additional check, 
one specimen was measured with different contacts. Copper was electro-deposited 
on to the graphite in two rings to which the thermometers were soldered. ‘The 
ends were screw-threaded and the end contacts screwed on. As the measured 
conductivity was not altered by this method of fixing it was not used for any 
other specimens. 

(iv) Carbon resistor. ‘This was an L.A.B. 33 ohm, § watt resistor. The 
heater was soldered to one of the leads of the resistor and the other lead was 
used to attach the specimen to the apparatus. ‘The contacts for the thermometers 
were made, as for the other specimens, by well-fitting copper collars. 


Sse RES Ole toe AND: DISCUSS LON 
3.1. Alumina 


The results for the alumina specimens are shown in fig. 1. Comparing 
first the values for single crystals of different diameters, it can be seen that at 
relatively high temperatures the thermal conductivity is independent of 
diameter, while at the lowest temperatures, where the conductivity is nearly 
proportional to 7°, the conductivities are accurately proportional to the diameters. 
Such a general behaviour has been found on either side of the maximum for 
other crystals by de Haas and Biermasz. ‘The present experiments, however, 
also include measurements in the neighbourhood of the maximum and extend 
to temperatures which are a much smaller fraction of the Debye 0. 
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Casimir (1938) calculated the heat conductivity at low temperatures by 
assuming that the mutual interactions between phonons can be neglected, 
and compared the flow of heat in a crystal with the flow of radiation along a 
tube with diffusely reflecting walls. Under these conditions the conductivity, 
if it is defined in the usual way, is shown to be proportional to the diameter of 
the crystal. Substituting Casimir’s value of the conductivity into the equation 


tC Up te ee ete © cee (1) 


one finds that / is almost exactly equal to the diameter for a crystal of circular 
cross section and to 1-1 times the length of side for a square cross section. 


Thermal! Conductivity (watt/cm/deg) 
Calories /cm/sec/deg 


| 2 5 i0 20 50 100 200 
Temperature (°K) 


Fig. 1. Thermal conductivity of aluminium oxide. 


~—-—-— 3mm diameter single crystal synthetic sapphire. 
© Crystal ground to diameter of 1-5 mm. 
@ Sintered alumina. 


The conductivity of the sapphires is found to be accurately proportional to 
the diameter below 10°k. Between 100 and 17° the specific heat values of 
Simon and Swain (1935) and of Kerr, Johnston and Hallett (1950) can be 
represented by a 7* law. If an extrapolation of the specific heat is made to 
lower temperatures, the phonon mean free path is calculated to be only 
two-thirds of the diameter at 3° and is increasing with decreasing temperature 
(even at 2° the conductivity is only proportional to 7’). By extrapolation 
it is found that the mean free path would be as great as the crystal diameters at 
about 0-5°K. 

From Klemens’ theory (1951) it can be shown that near the conductivity 
maximum the thermal resistance of an ideal 3 mm sapphire would be about 30% 
greater than is given by a simple addition of resistances due to boundary 
scattering and Umklapp processes, considered as acting separately. Even so, if 
these were the only factors giving rise to thermal resistance, the conductivity at 
the maximum would be eight times as great as that measured. Some extra 
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cause of thermal resistance has to be assumed, which in the neighbourhood of 
the conductivity maximum is the chief resistance. Experiments made to study 
this extra resistance will be described elsewhere, but for the present it is 
sufficient to note that its magnitude is small enough not to enter into the 
discussion of microcrystalline solids which is given below. 


3.2. Sintered Alumina 


The results for sintered alumina are shown as the lowest curve in fig. 1. At 
the high temperature end of the range covered the conductivity is about one-half 
the single crystal value. At the lowest temperatures the sintered rod has a 
conductivity one-hundredth of that of the 15mm diameter crystal, but this 
fraction increases slightly as the temperature decreases. 

It is reasonable to assume that the reduction by a factor two at high 
temperatures.can be accounted for by the geometry of the crystallites. Even 
if there is no actual contact resistance between separate crystallites, if they are 
not in contact over their whole surface the measured conductivity of the rod 
will be less than the true conductivity of the material of the crystallites. This 
reduction factor should be the same at all temperatures. The reduction in 
conductivity at the lowest temperatures due to the size of the crystallites is 
therefore mainly due to scattering of phonons at the boundaries of the 
crystallites, the process which also limits the thermal conductivity of single 
crystals at sufficiently low temperatures. As the ratio of the conductivity to © 
specific heat increases as the temperature falls the phonon mean free path must 
be increasing with decreasing temperature. As the specimen was sintered 
the crystallite boundaries are slightly less definite than in a single crystal, and 
the phonon mean free path is able to increase slightly. The mean free path 
calculated from the conductivity at the lowest temperatures will therefore be 
greater than the crystallite size. If it is assumed that the reduction factor of 
two due to the geometry of the crystallites operates at all temperatures, then at 
the lowest temperatures an extra factor of 50 compared with the 1-5 mm crystal 
must be due to boundary scattering in the crystallites. The phonon mean free 
path in the 1-5 mm crystal at 3°k is 1-0 mm, so that the crystallites must be less 
than 20, in size. 

It is also possible to obtain a rough estimate of the crystallite size from the 
position and value of the conductivity maximum. The variation of phonon 
mean free path for sapphire at temperatures above that of the conductivity 
maximum was shown in a previous paper (Berman et al. 1951). For the sintered 
rod the maximum is seen to occur at about 75°k, and at this temperature the 
mean free path due to Umklapp processes is 2:74. The resistance of 3 watt 
calculated to be present at the single crystal maximum and ascribed to defects 
will be negligible compared with the resistances at 75°K due to Umklapp 
processes and to boundary scattering for the sintered rod, so that these 
processes should be the only two which need be considered. Simple addition of 
these resistances gives a resistance slightly less than is given by the more refined 
treatment of Klemens, but gives about the right position of the maximum. 
The maximum will occur when the mean free path due to Umklapp processes 
is of the order of magnitude of the crystallites, which must therefore be about 3 j. 

If at 75° only boundary scattering and Umklapp processes are important, 
the crystallite size can be estimated from the value of the conductivity. The 
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measured conductivity is 1-6 watt units, so that the conductivity of the individual 
crystallites must be about 3:2 watts. The phonon mean free path, calculated 
from this conductivity according to eqn. (1), is about lj. As has been 
mentioned above, this mean free path is slightly less than the value given by 
simple addition of resistances, and this, in turn, must be half the mean free 
path due to each scattering process acting separately. The mean free path due 
to boundary scattering at the conductivity maximum is therefore 2 to 3, which 
gives the order of size of the crystallites. 

The conductivity at the lowest temperatures therefore suggests a mean 
crystallite size less than 20, while the position and value of the conductivity 
maximum gives a value of 2 to 3u. This order of size agrees quite well with 
direct measurement on a photomicrograph, which showed grains ranging in size 
from about 5 to 30p. 

A very exact comparison between the single crystals and the polycrystalline 
alumina is not possible as the crystal forms may be different, and this would 
affect slightly some of the parameters determining thermal conductivity. 


3.3. Sintered Beryllia 


The conductivity of the sintered beryllia specimen is shown in fig. 2. Below 
about 30°K the conductivity is proportional to 75, which indicates that as the 
temperature decreases the phonon mean free path increases, in the same way 
as for sintered alumina. Preliminary measurements (Berman and Poulter, to 
be published) show that in this temperature region the specific heat per 
mean g atom is three-quarters of that of alumina. If the specific heat 
per mean gram atom is expressed in terms of a © value and the phonon 
velocity calculated from this value of ©, then it is found that for the same size 
crystallites the conductivity of both beryllia and alumina should be very 
similar. A photomicrograph showed crystallites with dimensions between 
10 and 40, which is similar to the range of size found in the sintered alumina 
specimen. The conductivity at low temperatures, however, is about 40% less 
but, in view of the difficulty of making any exact calculations of the conductivity, 
this is not incompatible with the discussion of the size dependence of 
conductivity which has been given. 


3.4. Graphite 


The experimental results are shown in fig. 3. 

Although the general interpretation of the graphite results is similar to that 
of the sintered alumina and beryllia, the details are more complicated for several 
reasons: (i) results for single crystals are not available, (11) there is a small 
electronic contribution to the total heat conductivity, and (ii) graphite is very 
anisotropic and the specimens measured had different degrees of orientation of 
the crystallites. 

At the lowest temperatures the heat conductivity of the artificial graphite is 
roughly proportional to the estimated crystallite size. An exact comparison 
cannot be made because of the differing densities. Kinchin (to be published) 
has measured the electrical conductivity of many artificial graphites and has 
found that for specimens with the same crystallite size but with different 
densities the electrical conductivity is proportional to a power of the density of 
the order of 4. The only indication of the effect of density in the present 
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experiments is given by a comparison of the natural graphite specimen and 
the artificial graphite I, in both of which the crystallite size 18 about 20004. 
The fourth powers of the densities are in the ratio of 2-5:1, while the conduc- 
tivities at the lowest temperatures are in the ratio of 4:1, so that in this case 
the relation does not seem to hold. 

The electronic contribution to the heat conductivity can be estimated from 
the electrical conductivity. If the Wiedemann—Franz—Lorenz law is assumed 
to hold, then for the artificial graphite specimens the electronic contribution 
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increases from less than }°%, at room temperature to about 10°% at the lowest 
temperatures and for the natural graphite the contribution increases from 
4% to 3% over the same temperature range. 

The specific heat of graphite has been measured recently down to 8°xK 
(Bergenlid and Hill, to be published). Below 20°K the specific heat is 
proportional to a power of the temperature of the order of 2:2. This deviation 
from the usual 7? law can be ascribed to the two-dimensional layer structure of 
graphite, the binding between the layers of carbon hexagons being very small 
(Krumhansl, to be published). 

It is only for the specimen with the smallest crystallite size and in which, 
judging by the equality of the conductivities measured in the two perpendicular 
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directions, the orientation of the crystallites is most random, that the con- 
ductivity varies as a power of the temperature as low as 2-2. For the other 
specimens, including the natural graphite, in which the orientation of the 
crystallites is quite great, the conductivity at low temperatures is proportional 
to a power of the temperature between 2:5 and 2:7. 

As it is improbable that the phonon mean free path is actually decreasing 
with decreasing temperature, the fact that the thermal conductivity decreases 
more rapidly than the specific heat must either be due to an increasing contact 
resistance between the crystallites or must in some way be associated with the 
very great anisotropy. Until there is a detailed theory of the heat conductivity 
of such an anisotropic solid, or until measurements have been made on a single 
crystal of graphite, the explanation of this effect is uncertain. 

It is, however, interesting to make an estimate of the phonon mean free path 
in the specimen with the smallest crystallite size. Using the measured values 
of the specific heat and of the thermal conductivity at 10°K, and taking the 
single crystal density as 2-25 g/cm?, the mean free path in the crystallites is 
1-3 z/vcm, where wv is the mean phonon velocity and z is the factor by which 
the conductivity is reduced on account of the crystallite packing. It is not 
certain what velocity should be taken, but taking a value of 10%cm/sec, 
corresponding to the tight binding in the planes, the phonon mean free path is 
of the order of 100zA. ‘Taking the reduction factor as equal to the fourth power 
of the ratio of the single crystal density to that of the polycrystalline specimen, 
z 1s about 4. From the thermal conductivity the phonon mean free path is 
therefore estimated to be about 500A, which is in reasonable agreement with the 
value of the crystallite size measured by x-ray methods. 

The size-dependence of conductivity can also be seen by comparing the 
conductivity of this specimen with that of the carbon measured by Buerschaper 
(1944). At 82°K the conductivity of the carbon was one-tenth of that of the 
graphite of smallest crystallite size. As stated by Mizushima and Okada (1951), 
the crystallite size determined for many kinds of amorphous carbon by x-ray 
methods is several tens of angstroms. The conductivity ratio is therefore of 
the same order of magnitude as the ratio of crystallite sizes. ‘The density of 
Buerschaper’s carbon is not stated, so that the extent of this agreement is not 
certain. 

Mizushima and Okada (1951) and Mrozowski (1952) have compared the 
heat conduction in microcrystalline graphite to that in a glass in which at high 
temperatures (>200°K) the mean free path is constant and of the order of size 
of a ‘unit cell’; this for quartz glass, for example, is the size of the SiO, 
tetrahedra (~7A). ‘he comparison does not seem justifiable, however, since 
in a glass the mean free path increases at lower temperatures, where the 
dominant phonons correspond to waves with wavelengths larger than this 
‘unit cell’ and the conductivity falls less rapidly than the specific heat (Berman 
1949). Below about 20°k the mean free path is, in fact, inversely proportional 
to the square of the temperature, and from Klemens’ (1951) theory it can be 
deduced that at about +°k the phonon mean free path would be several 
millimetres (~107 ‘unit cells’) and therefore of the same order of magnitude 
as the specimen itself. For the various graphites and carbons which have been 
measured there is no experimental evidence that the phonon mean free path 
increases above the crystallite size with decreasing temperature. Even for 
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polycrystalline materials, such as sintered alumina and beryllia, which have 
a density nearly equal to the single crystal value, the conductivity only falls 
slightly less rapidly than the specific heat, indicating that the phonon mean free 
path increases slowly with decreasing temperature. 

The large increase in the phonon mean free path with decreasing temperature 
in a glass has an interesting consequence which has already been noted (Berman 
1949). Even at the lowest temperatures at which measurements have been 
made, the mean free path in the graphite with smallest crystallites does not seem 
to be larger than a few hundred angstréms, and this accounts for the low 
conductivity. At high temperatures, although the mean free path is still the 
same, since the specific heat is larger, the conductivity increases and at room 
temperature specimens of graphite can have heat conductivities similar to 
those of the best metals (see, for example, Powell and Schofield 1939). For a 


Thermal Conductivity (watt/cm/deg ) 
Calories/cm/sec/deg 


100 200 


5 10 20 50 
Temperature (°K) 


Fig. 4. Thermal conductivity of carbon resistor and artificial graphite III. 


glass, however, at high temperatures the mean free path is only a few angstroms, 
with a correspondingly small conductivity. The conductivity does not fall with 
temperature as rapidly as the specific heat, and as a consequence a glass is a 
better conductor than a microcrystalline graphite below 5 to 10°x, and at 2°xK 
the ratio of the conductivity of quartz glass to that of graphite III is 12. 
On the assumption that both conductivities can be extrapolated to lower 
temperatures this ratio would be 250 at 0-1°K. 


3.5. Carbon Resistor 


The thermal conductivity of the carbon resistor is shown in fig. 4 (together 
with that of the graphite with smallest crystallite size). From the measured 
electrical conductivity the electronic contribution to the heat conductivity is of 
the order of 10°%% of the total at all temperatures below 100°x. At all 
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temperatures the heat conductivity is smaller than that of the graphite with 
the smallest crystallite size. At 100°K the ratio is 20, but decreases to 1-1 at 
2:7°«. This is the variation which would be expected from a mixture of graphite 
of small crystallite size bonded together by some material of low heat conductivity. 
At the higher temperatures the graphite conducts quite well but the overall 
conductivity is restricted by the bonding material, and at 100° the conductivity 
is only about double that of a glass and at 82° is 25° smaller than the value 
for carbon given by Buerschaper. At the lowest temperatures the graphite is a 
poor conductor, but there is sufficient conduction through the bonding material 
for the overall conductivity to be greater than that corresponding to the small 
crystallite size of the graphite. 

If carbon resistors are used as thermometers at low temperatures it is 
important to realize that a heat flow of only 8 erg/sec through the particular resistor 
measured in these experiments would, at 2°k, produce a temperature gradient 
in the resistor of 5°. 


§4. SUMMARY 


It has been shown that, to within a small degree of uncertainty, the thermal 
conductivity of polycrystalline dielectric solids can be estimated from the 
conductivity of the single crystal if the crystallite size is known. At temperatures 
low enough for the thermal conductivity to be limited only by scattering of the 
phonons at the boundaries it is possible to make the estimation without a 
knowledge of the single crystal values if the specific heat is known. It is shown 
that the assumption that the phonon mean free path under these conditions is 
approximately equal to the crystallite size is justified even for sintered solids in 
which the density is very close to the single crystal value. 

At high temperatures the thermal conductivity of pure dielectric solids is 
limited by Umklapp processes, so that the effect of grain size is only a secondary 
effect connected with the area of contact of the crystallites and the conductivity 
of microcrystalline materials can be little less than the single crystal value. 

The conductivity of microcrystalline solids is, therefore, much more 
temperature dependent than that of single crystals and, as is shown in table 2, 
varies from values characteristic of metals, at high temperatures, to values much 
less than those of a glass, at low temperatures. 

The table shows how the thermal conductivity varies with temperature for 
several types of solid and gives an indication of the kind of substance which 
should be employed at various temperatures in cases where the thermal and 
electrical conductivities are of importance. 
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A Note on Oriented Crystalline Overgrowth 
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ABSTRACT. A brief review is given of experimental results on the oriented overgrowth 
of very thin deposits of alkali halides evaporated on to cleavage surfaces. The theoretical 
implications of some of these results are considered. 


§1. INTRODUCTION 

ECENT experimental work by Schulz (1951a,b) has provided much- 
Rome evidence on the structure of very thin layers of deposits evaporated 
on to cleavage faces of crystals. In the extreme case the layers (alkali 
halides) had a mean thickness of 10A and less; it therefore appears that the 
initial stages of growth have been studied to the limit possible with the electron 
diffraction technique. In one of the sets of experiments mica substrates were 

used, in the other cleavage faces of alkali halides. 

In the latter experiments oriented overgrowth was always obtained 
whatever the value of the misfit (or mismatch in the terminology used by 
Schulz), i.e. the relative difference in spacing of the two crystals in their normal 
state. ‘I’his experimental result is particularly interesting in view of the theory 
of Frank and van der Merwe (1949) which predicted a critical value of the misfit 
above which oriented overgrowth should change into a randomly arranged 
overgrowth. ‘The experiments show that the theory is incorrect in this respect. 
Further, according to the theory, the initial oriented layer should be strained 
to fit the substrate, i.e. should be pseudomorphic. The experimental results 
on deposits evaporated on to the cleavage faces of alkali halides show that where 
a monolayer is formed it has the normal lattice spacing (this point is not 
specifically emphasized by Schulz, and has been clarified in correspondence 
with the author). ‘This result is in disagreement with the Frank-van der Merwe 
theory, which has also been criticized on theoretical grounds when applied to 
certain specific cases (Smollett and Blackman 1951, Blackman 1951). The 
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monolayers on alkali halide substrates are formed over a range of misfits from 
—20% to +20°%; outside this region oriented three-dimensional nuclei were 
found in the initial stages. 

The experimental results on mica substrates present a somewhat different 
picture, one aspect of which will be discussed theoretically. Evaporated layers 
of alkali halides ranging in spacing from 7:32 (RbI) to 6:58A (KBr) orientate 
in the initial stage as a ‘monolayer’ with an arrangement and spacing which 
coincides with the sites of the potassium ions in the cleavage plane of muscovite, 
i.e. the initial layer is pseudomorphic. The orientation is such that (111) planes 
of the alkali halide are parallel to the surface of the substrate. Hence the initial 
‘monolayer’ must contain two charges planes of ions. This type of monolayer 
cannot be expected to have the properties of a cubic lattice, in fact one needs 
three such layers to form the first cell of the three-dimensional lattice. The 
orientation taken up by such a monolayer should therefore be considered in 
relation to the monolayer in its ‘free’ state, i.e. without the substrate. 

It will be shown (§2) that the state of lowest energy (if the hexagonal 
symmetry is maintained) is one in which the positive and negative ions lie in the 
same plane, which is then neutral. ‘The pseudomorphic layer which is found 
experimentally should be considered from the point of view of this neutral plane. 

Beyond the monolayer range the alkali halides form initially oriented 
three-dimensional nuclei on mica, as with the alkali halide substrates. 


$2, THE POTENTIAL ENERGY OF THE MONOLAYER 


The monolayer on mica consists of two oppositely charged planes with an 
arrangement of ions as in the (111) planes of the alkali halide. The distance 
between the planes is treated as a parameter in the following calculations. The 
potential energy of the layer will be proportional to the potential energy of a 
representative ion in the field of all the others, if the repulsive forces are taken 
to be the same for the two types of ions. The multiplying factor will be N, 
where JN is the number of ions of any one type. 

The electrostatic part of the potential energy will be considered first. The 
two-dimensional lattice formed by the ions of the same sign is hexagonal, the 
lattice vectors being a, and a, respectively, where a,=a,=a and the angle 
between the vectors is 120°. The distance between the two layers is as. 

The lattice distance r//* between ions of type one can then be expressed as 


(area ti G). ee Ye anes (1) 
The corresponding distance between ions of mixed type can then be written as 
(reds)? = (1, + 4)?ay? + (Ly + §)?ao? + 2h + §)(lo + §)(Ar - Ae) + 5" 
Sai els le adore Te ly gee Be ee a (2) 


where a,2=fa?. Here the ions of type two are also arranged as in the (111) alkali 
halide planes, but the distance between the planes, taken as as, is treated as a 


parameter, fixed by the value of f”. 
The electrostatic potential energy of an ion can then be written as 


ne = s {[p(1)}-12 - [d(l+2¢) +f }¥}, ne (3) 


where Selo ee meee 1 bob alae, (4) 
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in the notation used by Epstein (1903). The Epstein method, first introduced 
by Emersleben (1923) into lattice theory, will be used in handling the above 
sum. ‘The general formulae given by Epstein are, however, applicable only to ~ 
a complete lattice, and not in the above case. The mathematical method can 
still be used, and leads to extra terms in the usual formulae. The result is 
that E can be expressed in the form 


=| ale —1)2 
Ese = 2+] dz x? ¥ {exp [—mad(l)] —exp [—mad(/+g) — 72h} 


2 
3 | S dz x41 — exp (—zfz)} 


ate V/ 
+ — : dz 2"? d’ exp [—az0(m 
ree See eae BALL 
~ = “dz ge exp [—2f/z] &’ exp [ —72®(m)] exp [ —372(m, + 2m) | 
VIsq mM» 
mas ¥ (5) 
where O(m)=F (m2 + m2 + myn) ee (6) 


and the zero term is to be omitted in the summations over m,, my. ‘The 
expressions for ¢ have been given in (4). 

It will be noted that if one puts f=0, the expression (5) reduces to a standard 
form of the Epstein type, which holds for the particular two-dimensional lattice 
obtained by this operation. With one exception all the above integrals can be 
expressed in terms of known functions (exponential or error functions). The 
last integral has to be handled in part numerically, but it can be arranged in 
such a way that its contribution can be evaluated with sufficient accuracy 
without difficulty. A representative set of the results of the calculations of E 
for various values of fin units of — e?/a is 

f 0-00 0-02 0-04 0-06 0-08 0-10 
E 2:6710 2:4466 2:2350 2:0348 1:8446 1-6633 

That part of the potential energy due to the repulsive forces has been 
evaluated using a simple power law of the form br-”". Two cases were 
chosen: n=10 and n=7 respectively. ‘The constant 6 is expressed, where 
convenient, in terms of the distance 7) between the positive and negative 
ions along the cube axis of the three-dimensional crystal; for instance, for 
n=10, b=1-747e?7,°/60-36. 

The value of the repulsive part of the potential energy R can be written 
(for n=10) in the form 

R= 6050", 0-0. shi tiue  aeh i Gates (7) 
where a is the lattice spacing defined above. S depends only on the value of f, 
and is evaluated numerically for various values of f. For each of these values 
the magnitude of a/ro, which makes the total potential energy U=E+R a 
minimum is first found, and this minimum value of U then follows. This 
procedure has been carried through for both values of 7; representative energy 
values U(m) in units of —e?/r, and magnitudes of a/ry are: 


if 0:00 0-02 0:04 0:06 0:08 0-10 
U(10) OSes 1-2914 1:2042 1/1168 1:0292 0-9417 
U(7) 1:3358 1:2467 Oi 1:0689  0-9805 0:8923 


a/r9(10) 1-744 1-705 1-671 1-640 1-613 1-590 
alr(7) 1:714 1-682 1-655 1-632 1-612 1-598 
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The value of f in the three-dimensional crystal is one-sixth. In the process of 
decreasing f the lattice spacing a increases and for f=0, the value of a becomes 
1-233(2)"?r) for n=10, and 1-212(2)"%7, for n=7. In the three-dimensional 
crystal a =(2)"7,. 


$3. DISCUSSION 


It will be seen from the above table that the minimum value of the potential 
energy of the ‘free’ monolayer is obtained when f=0, i.e. when a neutral plane 
is formed. It seems therefore necessary to consider misfits in terms of the 
spacing of this neutral plane rather than in terms of that of the three-dimensional 
crystal. Defining the misfit as (a—a’)/a’, where a’ is the spacing of the mica 
and a that of the neutral plane, it is found that the pseudomorphic region is 
characterized by misfits ranging from 20°, (for RbI) to 8°% (for KBr). 

It is noteworthy that small misfits (less than 7°%) are not found in the 
pseudomorphic region—three-dimensional nuclei being formed in preference. 
It therefore appears that the base differentiates strongly between the positive 
and the negative ions, and also that the monolayer contains well-separated planes 
of ions. A lower limit to this separation can be obtained if one considers the 
‘free’ double layer (with the appropriate value of the a spacing) and ignores 
the effect of the base. This limit follows from the calculation in §2, which gives 
the value of a/ry for a definite value of f in a state of minimum energy. The 
distance between the planes is found to be 2:14 for RbI and 1-24 for KBr with 
intermediate values for alkali halides of intermediate spacing. 

That the initial deposited layer can be either an oriented pseudomorphic 
monolayer or an oriented three-dimensional nucleus is not in accord with the 
Frank—van der Merwe theory, which predicts either an oriented pseudomorphic 
layer (associated with small misfits) or a non-oriented ‘dislocated’ layer of 
normal average spacing. ‘The disagreement is further emphasized by the 
absence of a region of small misfit associated with pseudomorphic monolayers. 

The discussion given so far applies in the main to monolayers on mica. It is 
also found experimentally (Schulz 1951 a) that the normal crystal structure is 
obtained when the thickness of the deposit is increased. ‘This will also follow 
from the above calculations, as both the distance between planes and the spacing 
in a plane will tend to their value in the three-dimensional crystal as the number 
of layers is increased. ‘here must, however, be a rearrangement at some stage, 
the details of which will need further calculation. Similarly, the behaviour of 
alkali halides on mica when their spacing is less than 6:58 A, i.e. the formation 
of three-dimensional nuclei, still awaits consideration. It is evident that much 
more theoretical work will be needed before the initial stages of oriented 
overgrowth are understood, even in those cases for which experimental data are 


available. 
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The Velocity of Second Sound in Various Media 
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ABSTRACT. On the assumption that second sound can be propagated through media 
other than helium II, its velocity is calculated for non-ideal gases, insulators, conductors, 
superconductors and ferromagnets. 


Si SIN DRODUC LON 
N helium II two types of wave propagation are possible: ordinary ‘first 
] sound’, in which pressure and density fluctuations predominate, and ‘second 
sound’, in which the fluctuations are primarily in temperature and entropy. 
According to the present theory of second sound (for review, see Dingle 1952), 
its velocity c. is given by the relation 


DS? Pn oT Oe 
2 pics “Wo a = —_— — aks A 
ere ia (: =) pnO(1/S) (: a ios 


where T is the absolute temperature, p the density of the medium, S and C 
respectively the entropy and specific heat per unit volume, and p, the effective 
mass-density of the excitations which contribute to the entropy. In terms of 
the energy spectrum H=E(p) relating the energy E of the excitations to their 
momentum Pp, 


T 
C=(0U/0T)y, s=| Catt. (1.2) 
0 
where U is the internal energy per unit volume given by 
As Ep? dp 
W= Be Eexp(E/RT)F1 a ee ee Ts Fa Can ees) 
The effective mass-density of the excitations is 
4a ff, @ 1 
= — — At ap a Sate eee ee 
pa=— 395 | Pog fexpthik Tyla (ts) 


For free particles of mass m, E(p)=p?/2m, and (1.4) simply yields the expected 
value p, = Nm, where N is the number of particles per unit volume. 

The theoretical conditions which would have to be satisfied before second 
sound could be propagated through a medium are: 

(1) py/p must be less than unity, for otherwise (1.1) would predict an 
imaginary value for c,._ ‘The physical meaning of this result is that second sound 
arises through relative motion between the excitations and the configuration of 
the ground state of the assembly, and can only occur if the excitations are the 
more easily movable of the two, i.e. if they possess the lower effective mass. 

(ii) The coefficient of thermal expansion must be small: if it is not, the 
temperature and entropy fluctuations characteristic of second sound are 
accompanied by considerable density and pressure fluctuations, and conversely 

* Now at Laboratorium voor Technische Physica, Technische Hogeschool, Delft, Nederland. | 
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the density and pressure fluctuations characteristic of first sound are accompanied 
by considerable fluctuations in temperature and entropy, with the result that the 
two sounds could not be excited separately. For calculations of the coupling 
see Lifshitz (1944), Peshkov (1948) and Dingle (1950). 

(ii) The mean free path of the excitations must be less than the wavelength 
(velocity/frequency) of second sound it is proposed to excite (also noted by 
London (1951) and Ward and Wilks (1952)). ‘This condition arises on account 
of the assumption in the theory that local equilibrium is attained within a distance 
much smaller than that in which there is any appreciable fractional change in the 
temperature, entropy, etc. Otherwise, of course, the use of the equilibrium 
distribution function 1/(€ exp (E/RT) ¥ 1) would not be justified. 

(iv) Collisions between excitations must satisfy the laws of conservation of 
energy and momentum, for collisionsof the ‘Umklapp’* type would probably 
lead to a diffusion equation rather than to a wave equation (Ward and Wilks 
1951, 1952). 

(v) Collisions between excitations must not lead to any fundamental change 
in the energy spectrum. For example, in an assembly of Bloch spin waves in 
a ferromagnet (Bloch 1930) this condition would be violated except at very low 
temperatures, because the simple addition of energies of separate spin-waves 
is only justified if the probabilities of reversed spins being on neighbouring 
atoms is minute. 

(vi) Irreversible processes such as viscosity, thermal conduction and 
relaxation must not lead to a severe attenuation. For discussion, formulae 
and references see review (Dingle 1952, §6). 

In spite of our limited knowledge of the nature and properties of excitations 
in helium II it is possible to see some reasons why this substance should be so 
favourable as a medium for the propagation of second sound. For according 
to the theory of helium II as a condensed Bose-Einstein assembly, p,/p 7s less 
than unity, thus satisfying (i), but not so much less as to give rise to difficulty. 
(If p,/p is extremely small, the drift velocity of the excitations becomes extremely 
large even for second sound of small amplitude; this leads to irreversible 
processes and hence severe attenuation.) As for condition (11), the coefficient 
of thermal expansion of helium II is very small (~—3 x 10~% deg™'). Collisions 
between excitations in which their momentum is not conserved are probably 
relatively unlikely at helium temperatures,f so that condition (iv) is likely to be 
satisfied. Finally, with reference to (vi), the viscosity and thermal conduction 
of liquid helium are quite small. 

In this paper we attempt to estimate the velocity of second sound to be 
expected in non-ideal gases, insulators, conductors, superconductors and 
ferromagnets, assuming that experimental conditions can in fact be so chosen 
that none of the theoretical limitations (i) to (vi) are transcended. 


§2, VELOCITY IN NON-IDEAL GASES 
In an ideal gas composed of particles of mass m, E(p)=p?/2m, and (1.4) gives 
p, = Nm, where N is the number of atoms per unit volume. Hence p, =p, and 
there can be no second sound. 


* Roughly speaking, Bragg reflection of phonons by the lattice ; in this process phonon 


momentum is not conserved. a a 
+ For example, ‘ Umklapp ’ processes are possible only if phonons have a certain minimum energy, 
and the probability of their possessing this is less the lower the temperature, 
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When the gas is not ideal, second-sound propagation may become possible, 
the forces called into play being the. same as those responsible for thermal 
diffusion. If the interatomic forces may be adequately represented by a 
self-consistent field, we may take E(p)=Ap"”, where A and r are parameters 
(Dingle 1952, §3.22). ‘Then, on classical statistics, 

po _ (RI)*1T'57) wy 2a VE eh (2.1) 

p 3mA”T(3r) 
which may be less than unity, its value for an ideal gas in which r= 3 and 
A=1/2m. On the same model 


C =3Nkr, S=3Nkr(in 7 )-Heonstanti= "oases 2.2) 


For an actual gas p,/p will be very close to unity, and the situation will therefore 
be similar to that of helium II at temperatures immediately below the lambda- 
point—i.e. the velocity will be small, and the attenuation due to viscosity and 
thermal conduction large. It must also be noted that condition (11), that the 
coefficient of thermal expansion should be small, is not satisfied, arid as a result 
there is strong coupling between the sounds. As far as the velocity of second 
sound is concerned the quantity c, given by eqn. (1.1) should be multiplied by 
approximately yl =(C,/C,)-¥?. 

The values of p,/p and c, in a condensed Bose-Einstein gas have already 
been fully discussed elsewhere (Dingle 1952, § 4.32). 


$3. VELOCITY IN INSULATORS 

Peshkov (1947) and Ward and Wilks (1951) have explicitly referred to the 
possibility that second sound might be propagated through solids. For an 
insulating solid at low temperatures the only carriers of entropy are phonons 
(Debye waves). ‘Taking c, and c, to be respectively the velocities of longitudinal 
and transverse waves of ordinary first sound, and assuming the temperature to 
be considerably lower than the Debye characteristic value, (1.2), (1.3) and (1.4) 
give 


167°R4T3 (12 

S= tap (= =) ee (3.1) 
167°R*T4#/1 2 

mers (= =) Aa 


so that at very low temperatures, where p,/p <1, the velocity of second sound is 


given by (1.1) as 
1 2 | 2 
2 — - — se 
Gs (= + =) /3 & + =) Joo Cok abet (3.3) 


(This formula, a generalization of one due to Landau (1941), was given by 
‘Temperley (1952) as applying to helium II, but other authors have assumed that 
transverse waves cannot be propagated through this liquid.) 


$4, VELOCITY IN CONDUCTOR'S 
We consider first a degenerate assembly of free electrons in isolation. The 
entropy and specific heat per unit volume are 


S=C=yT, epee 
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where y is the Sommerfeld coefficient, y=472Nk/T), N being the number of 
electrons per unit volume and 7, the degeneracy temperature. Since the 
electrons are assumed to be free, we must take 


Dee UN GT lamers FE Vo ake Few er (4.2) 


so that py =Perectrons and second-sound propagation is impossible. 

The state of affairs in an actual metal is more complicated. We make the 
usual approximations of the theory of metals, and thus assume that the ions 
form a nearly rigid lattice through which quasi-free electrons, of effective mass m, 
may move. Except at absolute zero, the mean free paths of both phonons 
(vibrations of the lattice) and electrons will be finite, and it should be possible 
to satisfy condition (iii) for both. Under these circumstances it seems reasonable 
to add electronic and phonon contributions, and take 


S= SS Bhalions =r Seiectronas Pr— (Ou) protons ce (Os) eleotona: 209.00 (43) 


At reasonably high temperatures (JT < 100° for most metals) the electronic 
contributions will all be negligible, and c, will be given by (3.3), as for insulators. 
At lower temperatures (100°kK 2 T= 2°x) the lattice vibrations provide the 
dominant part of the entropy and specific heat, but the effective mass is mainly 
electronic in origin; in this region 


toe (3 2 
“2 1351®Nm 
so that the velocity falls rapidly as the temperature is lowered, ultimately attaining 


a value of the order of a few metres per second. At extremely low temperatures 
(7S 2°x) the lattice contributions are all negligible, and the velocity would be 


Gee Ge 


Cy = T(y|Nm)!2 =n T(R/2MTo)2 =aRT Py, sve (4.5) 
where fp, is the momentum at the Fermi surface. Numerically (4.5) yields the 
result Gi 8:06 X10° T1471 ms, =e) eee (4.6) 


so that for most metals c, would be about 407 m/s at extremely low temperatures. 
These figures lead us to expect a minimum in the velocity-temperature curve 
just above about 2°k, and a maximum just below (fig. 1). 


2000 


C, (m/s) 


100 
0 2 


at 


100 
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Fig. 1. Velocity of second sound in a conductor. 
g. J 


So far, it has been assumed that the mean free paths of both phonons and 
electrons are smaller than the wavelength of second sound, i.e. that the frequency 
is low. At higher frequencies the electrons will not remain in equilibrium 
with the phonons, and second sound will travel through the lattice only, its 
velocity being given by (3.3), as for insulators. In the intermediate frequency 
region there will be a relaxation effect between the electron and lattice systems 
which will lead to an attenuation additional to that expected from ordinary 
irreversible processes, thermal conduction and ohmic resistance being the most 
serious of these for a metal. 
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$5: VELOCILY IN SUPERCONDUCTORS 
In attempting to estimate the velocity of second sound in superconductors 
we are, of course, handicapped by the lack of an adequate detailed theory of their 
properties. Some progress may be made, however, by starting from some 
considerations advanced by Gorter and Casimir (1934). Noting that in the 
absence of an external magnetic field there is no entropy change at the transition 
point, ic. S(T.)=yT, per unit volume, they assumed that the free energy of a 
superconductor may be expressed in the form 
Bie = BY) ay lee i Rem cae (Sf) 
where x is a parameter varying from 0 at absolute zero to | at the transition point. 
Equilibrium between the ‘superconducting electrons’ represented by the first 
term in (5.1) and the ‘normal electrons’ described by the second requires that 
0 F/dx =0, so that 
w= (2B ey Pe eee aC, ee ee (5.2) 


since x=1 at the transition temperature 7T,. The entropy and specific heat 
obtained from the free energy are, per unit volume, 
T \ 20/—a) 1+«a T \ 2ulG- «) : 
SST (=) ) a —— y I (=) a eietishoMe ce (3:3) 
Te ie 
It is plausible to assume that the parameter x given by (5.2) may be identified 
with p,/Peectrons* In which case the velocity at very low temperatures becomes 


oe il =e ey Rk 1—«a)l?2 _akT, 1—a) 1/2 
a= Tete =) ht Bes 2mT, ite >" Po lta ol Sp UPRcee vorvente (5.4) 


In an isolated assembly of electrons c, would decrease to zero at the transition 
point and, according to §4, remain zero above it (fig. 2). But for electrons in 
equilibrium with lattice vibrations the relevant total density would be p and 
not Nm, so that c, would be very nearly constant up to the transition temperature 
(fig. 3), since p,/p<1 in the entire superconducting region. 
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Fig. 2. Isolated electrons. Fig. 3. Electrons within a lattice. 


Comparison of (5.4) with (4.5) shows that the velocity in a lattice increases 
discontinuously by a factor {(1+«)/(1—«)}" as the temperature is increased 
past the transition point. Experimentally, the specific heat of superconductors 
seems to be proportional to T°, so that «= }; cy should therefore jump by a 
factor 1/3 at the transition temperature. 

In an mpure superconductor the (residual) ohmic resistance of the ‘normal 
electrons’ would probably result in severe attenuation. 


* Another possibility would be to identify x with the fractional concentration of normal electrons 
Ny/N, but then we could not deduce pp/Pejectrons Without further assumptions. For the propa- 
gation of second sound within a pure superconductor it is probably necessary that Pn! Pelectrons 
= N)j/N; otherwise the condition of zero net momentum flux at any point (necessary for second 
sound) would not be compatible with the condition of zero net variation in internal electric current 
(necessary in a pure superconductor), 
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§6. VELOCITY IN FERROMAGNETS 
We calculate first the velocity of second sound to be expected on Stoner’s 
theory of collective electron ferromagnetism (Stoner 1938, 1939), and then 
that to be expected on Bloch’s theory of spin-waves (Bloch 1930). According 
to Stoner (1939, eqn. 4.22), the entropy and specific heat at very low temperatures 
are, per unit volume, 


See oy epee Ue ete or (6.1) 


where y is the Sommerfeld coefficient and ¢, the relative magnetization near 
absolute zero. Since Stoner assumes a parabolic form for the kinetic energy 
spectrum of the electrons, we have py=Nm=pPoejoctrons and second-sound 
propagation is impossible in the isolated system, just as for an ordinary conductor. 

If the electrons are in equilibrium with the lattice vibrations, similar 
considerations to those of §4 suggest that 


eB HETGiNmye Seat (kimT sank, lle (6.2) 
1/3 = 1/3) 1/2 
here ne ee ae ee Sgt (6.3) 


& varies from 1 for ¢)=0, which occurs if the energy band is very wide, to 
2-13 =(-7937 for ¢) =1, corresponding to complete saturation. 

In calculating the velocity according to the Bloch spin-wave model, we 
follow the notation of Mott and Jones (1936), except that we change their p 
to x in order to avoid confusion with the density. ‘Taking J to be the exchange 
integral, we have (Mott and Jones 1936, p. 236) 


EQ) = 1x2) a ap ee oe eee (6.4) 
and the number of states per unit range is, per unit volume, 
(Gi) 2a) Ame digg Te eee eae (6.5) 


where G?=vN, N being the number of atoms per unit volume and v a numerical 
factor equal to 1 for a simple cubic lattice, 2 for a body-centred cubic, and 4 for 
one that is face-centred (Mott and Jones 1936, p. 234). Comparison with the usual 
expression for the number of states shows that x =p/Gh, so that E(p) = [p?/G?h?, 
and the effective mass of the spin-waves must be 
ice Ti Lek ge a rer (6.6) 

Since this is independent of momentum, p, =m’, where is the number of 
spin-waves per unit volume given by 


e GNC? ne aK G® (RT \32 (3 
nis (=) o exp (Ix?/RT)—1 — wal) (5). aay i) 
. Cir (REN. (3 
Thus Py 16732 (+) a (3) Oe ae a Pee deat (6.8) 
The entropy per unit volume 1s found to be 
SRG? (RT \32 . (5 
S= 16732 (+) (5) cee) Oe © Bo Mieterors oe (6.9) 


If, as at low temperatures, p, <p, 
1 {eet 6 LUE D ne 


aisipake : =1°725 x 104(7)12 /)1/3 
Gh | 3e(3) ‘é ng (1 Dey) 


Cy 
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where V is the molecular volume and the units are those of the c.g.s. system. 
Inserting in (6.10) the values of the exchange integral deduced by Wohlfarth 
(1949) from Fallot’s (1936) experimental results, the velocity for iron is found to 
be about 790\/7T m/s, and that for nickel about 360,/T m/s. In these materials, 
however, these velocities could probably only be observed at such high frequencies 
that the spin-waves no longer remain in equilibrium with the lattice vibrations, 
because the spin-wave contributions to S, C and p, are much smaller than those 
both of the lattice and of electrons in partially filled bands, of which the Bloch 
theory takes no account. ‘The waves would then have to be excited and detected 
by magnetic rather than thermal means. 

For a satisfactory comparison with experiment at normal frequencies it 
would be necessary to find a metal or alloy in which there is practically no 
electronic specific heat linear in temperature, and to perform the experiment 
at such low temperatures that the Debye lattice contributions are negligible 
in comparison with those of the spin-waves. 
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LETTERS TO) THE EORLOn 


Relative Pair Production Cross Section at Low Energies 


In the course of testing a three crystal scintillation spectrometer for the measurement of 
y-ray energies, similar to those reported by Bair and Maienschein (1951) and by Johansson 
(1952), it was found that the ‘ pair peaks ’ due to y-rays of energy only slightly in excess of 
the pair threshold could be resolved. As no experimental data exist for the pair production 
cross section in the vicinity of the threshold and as the theory using the Born approximation 
is not strictly applicable, it seemed worth while to measure the relative cross section using the 
cascade y-rays from *4Na (2-765 and 1-380 Mev) and from ®Co (1-332 and 1-171 Mev). 
Since the two gamma quanta from each of these isotopes occur in equal numbers, the ratio 
of the areas under the two pair peaks gives directly the ratio of the pair production cross 
sections at the two energies. The internal pair and internal conversion coefficients are not 
large enough to affect significantly the equality in number of the cascade gamma quanta 
emitted from sources of these isotopes. 

A lead collimator 12 in. long defined the y-ray beam entering a centre counter consisting 
of a block of NaI(Tl) 1:4 cm 1:4 cm * 2-7 em mounted on a 14 stage photomultiplier 
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(E.M.1. 6262). This multiplier was operated at 1250 volts for the 24Na runs and at 1400 volts 
for the *°Co runs to ensure linearity between pulse height and energy release in the crystal. 
In order to select only those events occurring in the centre crystal in which the y-rays were 
converted into pairs (of kinetic energy hv—2mce?) two counters were placed on opposite 
sides of the centre crystal to detect the two collinear annihilation quanta resulting from the 
decay of the positron. These counters consisted of cylinders of Nal, 1 inch long by 1 inch 
in diameter, mounted on 11 stage E.M.I. 5311 photomultipliers operated at 1800 volts. 
Pulses from these side counters were fed to a coincidence mixer with a resolving time of 
0-15 usec which opened an electronic gate in the output of the centre counter whenever a 
coincidence occurred; the pulses from the centre counter which were allowed to pass through 
the gate were amplified and displayed on an 18 channel ‘ kicksorter’. The kicksorter was 
set to cover various parts of the spectrum and runs of several hours duration obtained. 
In all about 70 hours was spent on each isotope and finally all the data so obtained were 
normalized to an arbitrary peak value for the higher energy pair peak with the results shown 
in figs. 1 and 2. The total number of counts under the 1:74 mev #4Na peak was about 
82000 and under the 310 kev ®°Co peak was about 9500, the background being subtracted in 
each case. 


26-5v 
1-74 Mev 


OV 
150 kev 


(arbitrary scale) 
(arbitrary scale) 


Counting Rate 
Counting Rate 


1015 20. 25 30 35 40 1 tS 20 
Pulse Height (volts) Pulse Height (volts) 


Fig. 1. Three-crystal spectrum of **Na. Tig, 2. Three-crystal spectrum of °°Co. 


The curves show clearly the ‘ pair peaks’ superimposed on a background due to acci- 
dental triple coincidences, simultaneous Compton scattering of both y-rays into the two 
side counters and backscatter from one side counter to the other. For the “Na runs the 
side counters were placed 0-3 cm from the centre crystal while for the °°Co the separation 
was 1-5 cm, so that the background is greater for the **Na case particularly in the regions 
of the broad Compton peaks. The ®°°Co Compton peak occurred near 45 volts and so is 
not shown in fig. 2. The small bumps at 8 volts for 24Nia and at 4 volts for ®°Co were 
introduced by very large pulses, after electronic ‘ clipping ’, passing through the closed gate 
with much decreased amplitude. The clipping levels were different for the °°Co and *4Na 
runs. 

In order to find the ratio of the areas under the pair peaks it was necessary to subtract 
the background. For ®’Co the shape of the background curve was roughly determined by 
taking a run with one of the side counters moved out of the direct line of the other two 
counters so that no ‘ pair’ coincidences were recorded; a smooth curve was then drawn 
under the ®°Co pair peaks following this shape. For the 74Na no separate determination of 
the background was made; the upper Compton peak, shown dotted under the 1°74 Mev pair 
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peak in fig. 1, was estimated from the marked asymmetry at the base of the pair peak, while 
the background under the lower pair peak was drawn in as shown on the basis of the curve 
shape on either side of the peak. 

After subtracting the background the ratios of the areas under the pair peaks were found 
graphically to be: P3.76/P}.23, experimental 14-5 + 2-5, theoretical 18:5; P4.33/P1.17, experi- 
mental 5:2+ 1-5, theoretical 6:4. The experimental errors were estimated from the statistics 
and from consideration of the background subtraction. The theoretical pair cross section 
ratios quoted were calculated from the low energy approximation to the Bethe—Heitler 
formula given by Hough (1948). The discrepancies between the theory and experiment are 
in the direction to be expected due to the use of the Born approximation. As the cross 
section has been evaluated only at two energies by Jaeger and Hulme (1935), using a more 
exact treatment, no quantitative comparison has been made with their theory. However, 
it would seem that the Jaeger-Hulme theory gives ratios even lower than the above experi- 
mental ones. 
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The Forbidden Nature of the Reaction °Li(yd)*He for y-Rays 
of Energies up to 17:6 Mev 


In an earlier communication (Titterton 1950) discussing the disintegration of the 
lithium isotopes by the y-rays from the 440 kev *Li(py) resonance, it was noted that events 
corresponding to the reaction *Li(yd)*He were not observed. An upper limit for the cross 
section was given as 0(17.6414.8)<(0'-4+0-4) x10-*8 cm?. Since that date photographic 
plate experiments have been carried out with the monochromatic gamma rays from sodium 
24, of which only the 2:76 Mev component is above the threshold (at 1-54 Mev). These give 


Cag (8% 2)K10- emt a (1) 


Lately lithium-loaded plates have been exposed to gamma-rays from the !°F(py) reaction 
generated by the 1-2 mev Cockcroft-Walton accelerator recently installed in this department. 
A thick CaF, target irradiation was made at a bombarding energy of 950 kev. The upper 
limit for the (yd) cross section for the y-ray group (6:13, 6-9 and 7:1 Mev) was determined as: 


Ggi3 <(6¥3) X10- em 2 ee (2 


In examining plates loaded with the separated isotope lithium six, which had been exposed 
to the *Li(py) radiations to study the reaction *Li(yn)®Li (Titterton and Brinkley 1951), 
a search has been made for the (yd) reaction. To date no event has been observed and an 
upper limit for the cross section is found as 


9(17-64148) <(5 + 2) S108 Cie Ee en er (@) 
In addition to this work with photographic plates two counter experiments have now been 
performed. Wilson (private communication) finds oy.-g< 10-31 cm? and Jensen (private 
communication) o2.g2< 210° em®, each of which is compatible with the limit given 
in (1). 
These low values of the upper limits for the cross section are somewhat surprising and 
the question arises as to the possible reasons for this behaviour. 
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Many years ago Bethe (1937) pointed out that in systems where the centres of gravity 
of the neutrons and of the protons coincided the dipole moment would vanish identically 
whatever the initial and final wave functions. The present reaction °Li »?D-+‘He is 
expected to be in this category and one might expect dipole transitions to be forbidden. 
However, the reaction '*C(ya)’Be, which also satisfies the criterion, has a quite large cross 
section (about 10~°8 cm? at 17-6 Mev). 

Lately evidence has been obtained in this laboratory and elsewhere for the resonance 
absorption of y-rays and, accepting the compound nucleus picture, the result could be 
explained by assuming that, at the y-ray energies of the experiment, such levels as can be 
excited are prevented from breaking up into a deuteron and an «-particle by selection rules. 

Two levels of *Li are known, at 2:187 and 3:58 mev. We have some evidence (un- 
published) suggesting that the first of these levels disintegrates into an (a+d). Day 
and Walker (1952) have observed y-rays from the 3-58 Mev level and, to explain the preferred 
y-emission, conclude that it must have zero spin and even parity, when break-up into charged 
particles is forbidden. At excitation energies about 4:5 and 5:3 mev respectively break-up 
into (p+-°He) and (n+ Li) becomes energetically possible and competes with (a+d). 
These reactions may be strongly preferred. However, against this, Almqvist et al. (1951) 
bombarding a tritium target with 200 kev *He ions have observed break-up of the compound 
nucleus into (a+ d), as well as ((He+p) and (*He+n-+p). This indicates that at an excita- 
tion energy of 15-8 mev the compound nucleus can disintegrate into an «-particle and a 
deuteron. 

It is hoped to carry out experiments at intermediate energies and work with plates 
exposed to the bremsstrahlung spectrum of a 24 Mev synchrotron is already in progress. 

We thank the four observers, Misses Miller, Velioniskyte and Zubans and Mrs. Straut- 
manis who carried out part of the microscope work and Dr. F. C. Barker for discussion. 
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Energy of a Bloch Wall on the Band Picture 


In two papers under the above title Herring (1952 a, b) has recently discussed the 
origin and magnitude of the so-called stiffness constant A determining the characteristics 
of domain boundaries in ferromagnetic media. The discussion is based on the collective 
electron approach whereas earlier calculations of A (Kittel 1949) had been made on the 
basis of the classical Heitler—London—Heisenberg theory. 

The calculation of A using the classical theory is based on a simple pictorial representation 
of a Bloch wall as containing atoms whose magnetically effective electrons have uniformly 
varying spin orientations across the boundary. ‘The stiffness constant is then directly 
related to the effective molecular field coefficient v and if this is expressed in terms of the 
Curie temperature 0, then (Stoner 1950) 


A ~ a q*k6/ay, Sra a (1) 


where g is the number of magnetic carriers and a,* the volume per atom, giving 
A=8:3x10-7 erg cm~! for iron. Kittel’s (1949) estimate of A for iron, 2:0x10~°, is 
based on the Bloch spin wave treatment and is more than twice as large as the present 
estimate. In calculations of A based on the collective electron theory there are many 
fundamental theoretical difficulties since without much modification this approach is only 
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designed to treat the properties of a homogeneous ferromagnetic, i.e. a single large domain, 
One such modification must be the introduction of spin-orbit coupling and the consequent 
appearance of magneto-crystalline anisotropy (Brooks 1940). This is apparently not 
taken into account in Herring’s work which is largely phenomenological in that no attempt 
is made to explain why there is a gradual change of spin directions of the type envisaged 
(‘ spiralling’, response to a varying externally applied torque). Formally, a determination 
of A is possible without appeal to any theoretical model by using the experimental value 
of the molecular field coefficient v obtained in principle from magnetocaloric measurements ~ 
(Stoner 1936). Otherwise, as in deriving (1), v may be expressed in terms of other 
ferromagnetic characteristics on the basis of some theoretical model. With the classical 
theory 


vEENRGIES..2 6 b=) ag (2) 


where N is the number of magnetic carriers per unit volume and J, the saturation 
magnetization. With the collective electron theory the author has shown (Wobhlfarth 
1951) that in the special case of rectangular energy bands the molecular field coefficient 
is modified and becomes v’, where, at 0°K, 


Py [p= (OIA = eg RO sy 1S Ree Se (3) 
@’ and ¢) being the usual exchange and bandwidth parameters. Using (3) rather than (2) 
pene A tg GikOan ~~ ys ee (4) 


at O°K. The ratio 7 is calculable from the observed temperature variation of the 
susceptibility above the Curie point, the author’s estimate (Wohlfarth 1951) for nickel 
being 7) ~ 0:24. Assuming the same value for iron the calculated value of A at 0° K is 
2:0x10~" erg cm}. The ratio v’/v increases almost linearly with temperature, reaching, 
for nickel, a value 7, 37) at the Curie point in the absence of a magnetic field. 
A provisional room temperature estimate of A for iron along these lines is thus about 
3:0 10-7 erg cm, a value more than five times smaller than Kittel’s estimate (1949). 
In the absence of reliable experimental data (powder patterns, single domain ferromagnetic 
powders) it seems impossible to choose between any theoretical estimates of A so far made. 

Although Herring’s expression for A (e.g. the relation (33) in his second paper) contains 
a factor similar to that in brackets in (4) it differs from (4) by having a factor proportional 
to €) outside the bracket while (4) has k@’. Using a large value of the ‘ effective mass’ 
Herring thus obtains an even smaller estimate for A. It is not immediately clear how 
Herring’s relation was obtained and no criticism is intended of his mathematical arguments. 
It seems a strong point in favour of the present formula (4), however, that it tends towards 
the classical relation (1) as the bandwidth tends to zero (R0’/€) ~ 0). 

A discussion on the above lines for energy bands of different shapes meets with certain 


difficulties which may be resolved by work now proceeding on the magnetocaloric effect 
(Hunt 1952). 
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The Radiative Capture of Protons in Fluorine 


Devons and Hereward (1948) discovered the radiative capture of protons in fluorine 
at a proton bombarding energy of 669 kev; Rae, Rutherglen and Smith (1950) and Carver 
and Wilkinson (1951) showed that the transition probably took place to the first excited 
state of °"Ne found at 1:5 Mev from 1°F(dn)?°Ne* (Powell 1942), at 1:4. mev from 
2°Ne(pp)?°Ne* (Powell, May, Chadwick and Pickavance 1940), at 1:63+0-02 mev from 
20F(B-)?°Ne* (Jelley 1950, Littauer 1950), and at 1:63+0-02 Mev from 2°Na(pa)?°Ne* 
(Stelson, Preston and Goodman 1952). We have shown that this is indeed so by measuring 
the low-energy gamma-ray produced in the cascade. 

Two Nal(TI) crystals in coincidence examined a thick target of CaF, bombarded by 
protons of energy 700 kev; the pulse from one crystal was recorded when the other crystal 
indicated the emission of a gamma-ray of energy greater than 7-5 Mev. The pulse 
distribution, corrected for the background of random coincidences, is shown in the figure; 
also shown is the pulse distribution due to the gamma-rays from ?°F(B-)2°9Ne* The 
gamma-ray energy derived from these measurements is 1:66+ 0-02 Mey. 
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Pulse distribution in Nal(Tl) from low energy component of gamma-ray cascade following capture 
of protons of 669 kev in !°F (circles); pulse distribution from gamma-ray following B-decay 
of °F (full curve). 


The coincidence rate agreed well with that expected on the basis of one low-energy 
quantum per radiative capture process, assuring us that the cascade is the principal mode 
and that direct capture to the ground state is relatively rare. 


Cavendish Laboratory, G. A. JONEs. 
Cambridge. D. H. WILKINSON. 


23rd July 1952, in final form 13th October 1952. 
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OBITUARY NOTICES 
DONALD KENNETH ASHPOLE 


DoNALD K. ASHPOLE received his earlier education at Bishop’s Stortford College and 
entered Imperial College in 1942. Two years later he obtained an honours degree in 
physics and after leaving college spent two years with British Fillers Ltd. He was then 
appointed assistant physicist at Courtauld’s research laboratories at Bocking, but after a 
short time became senior physicist in charge and held this post up to his untimely death 
on 3rd March 1952, at the early age of 27 years. 

Donald Ashpole’s later scientific work dealt with dyeing and moisture relations in textile 
fibres. He had been invited by the Royal Society to read a paper on this subject and, 
but for his illness, this would have been delivered by him a few days before his death. 
In his spare time Ashpole was actively concerned in church work and had sat on the Free 
Church Federal Council ; he had also produced pageants and plays with much success. 
To his tutors at college Donald will be remembered for his pleasant and happy temperament 
and his sincere affection for those who had helped him forward in his scientific career. 


With his wife and two children we mourn his passing. 
R. W. B. STEPHENS. 


GRANVILLE HUGH BAILLIE 


GRANVILLE HUGH BAILLIE was born in 1873 at Bath. He was educated at a private 
school (Winton House, Winchester) and entered the City and Guilds College in 1890, 
winning the Institute’s Scholarship. He completed the course in Electrical Engineering 
in 1893 and was awarded the Diploma of.Associate of the City and Guilds of London 
Institute (A.C.G.I.). 

He later attended a post-graduate course at the Hochschule at Zurich. It was there 
that he met the lady who became his wife. 

His first important post was that of Managing Director of the Riviera Electricity Company, 
Bordighera. He made himself responsible for the installation and maintenance of the 
complete electrical plant, a position requiring much energy and initiative in a young man of 
twenty-five. 

On his return from Italy he entered into partnership with Mr. James Swinburne, F.R.S. 
(later Sir James Swinburne, Bart), as a consulting engineer, and they were later joined by 
Mr. Mervyn O’Gorman. About 1910, this firm having been dissolved, he formed with 
Mr A. Dobree the firm of Dobree and Baillie as consulting engineers and specializing in 
patent law. 

Baillie’s equable temper fitted him eminently for partnership. He and Dobree were 
both of them exceptional amateur mechanics, Baillie being also a keen exponent of 
ornamental turning. 

Baillie was an excellent draughtsman and drew the majority of the drawings for the 
patent specifications himself. He often appeared as an expert witness and it was in that 
capacity that he was the first to use a cinematograph film as evidence in the High Court. 

With the outbreak of the 1914-18 war the firm was dissolved and Baillie worked at the 
Ministry of Munitions on numerous problems connected with the dilution of labour. 
For this work he was awarded the O.B.E. 

After the war Baillie returned to private practice as a consulting engineer. He had been 
connected with the British Tabulating Machine Company since 1910 and was appointed 
Joint Managing Director for the period of the war, 1939-45. He acted as Consulting 
Engineer to the Company until his death. 

Early in life his appreciation for fine mechanisms attracted him to a close study of watches, 
incidental to which he gradually collected an excellent horological library. 

In 1929 he produced his first book Watches, their History, Decorations and Mechanisms. 
This was a large and handsome book published by Methuen and Co. in their Connoisseur 
Library Series. It was followed in the same year, in the same series, by Watchmakers and 
Clockmakers of the World. "This contained 25000 names. In 1947 a second edition of the 
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latter book was published by the N. A. G. Press containing 35000 names and a great deal 
more information. The work involved in collecting and sorting out such a number of 
names was immense. 

A few months before his death his Clocks and Watches, a Horological Bibliography, 
was published by the N. A. G. Press. It is perhaps the most authoritative book on the subject, 
and won for Baillie the Gold Medal of the British Horological Institute. 

Baillie rearranged and catalogued the collection of clocks and watches belonging to the 
Clockmakers Company at the Guildhall, and also the books in the library relating to 
horology. Whilst engaged on this work he found the manuscript written by John Harrison 


_in 1730 setting out his development of the grid-iron pendulum. 


The Company, in connection with the Festival of Britain, issued a small booklet written 
by Baillie entitled The Development of Time Measurement. In this all the line drawings 
were made by him, and at the exhibition large scale models of the various escapements 
were made to his design by the apprentices of the British Tabulating Machine Company. 

Baillie was a keen motorist and owned his first car about 1900. He was for many years 
a judge at the official trials of the Royal Automobile Club. 

He joined the Physical Society in 1903 and was one of the Founder Fellows of the 
Institute of Physics in 1920. 

As will have been gathered from the above, Baillie was a most versatile person: a 
first-class engineer, a great worker and an excellent linguist; with it all he was modest and 
sincere with a great capacity for friendship. 

He died at Letchworth on the 19th November 1951, leaving a widow and a married 
daughter. R.S. W, 


ALLAN HITCHEN FERGUSON 


ALLAN HITCHEN FERGUSON was, in appearance, not unlike Samuel Johnson, though 
without the coarseness that seems to have been a prominent feature of the Great Cham 
of literature. With a height of about 6 ft. 6 in. he weighed over 21 stone, which implies 
a reasonable proportion between height and girth, for (on a cube law) it corresponds to 
a weight of 12} stone for a man of 5 ft. 8 in. It meant, however, that he must of necessity 
be noticed in any company in which he found himself, and it was not easy for him to walk 
along the streets without having people turn round to look at him. 

He was a man of very wide interests, which included the classical languages, parts of 
the history of physics and, appropriately enough, Johnsoniana. Like the earlier Doctor, 
he was much weaker on the ‘Teutonic languages than on those of Ancient Greece and 
Rome. I well remember the Society receiving an address in Latin, informing us that some 
University was about to celebrate one of its centenaries and asking us to appoint a delegate 
to the celebrations. "This was agreed, and a member nominated, and the question of an 
address for him to present to the University from the Society arose. Within a few hours, 
Ferguson had produced a flowery piece of Latin oratory (which was subsequently vetted 
by a Professor of Latin, who found nothing to correct) and when someone expressed 
surprise he merely said: “ We haven’t all forgotten our Matriculation Latin, you know”’. 

This versatility was evident, too, at the examinations in the University of London, 
where in later years he examined in Modern History (often in association with F. J. Weaver, 
late Headmaster of Braintree) as well as in Physics. 

Ferguson was born at Entwistle on 11th May 1880 and spent his boyhood there, then 
at Wyke and Blackpool and finally in Preston. It was here that he started a course of 
training as a pharmacist‘s assistant and began to study at the Harris Institute for a London 
Science Degree. He entered the University College of North Wales, Bangor, as an 
Exhibitioner in 1902 and duly took the London Honours degree in Physics about 1904. 

On graduation he became assistant lecturer and senior demonstrator in Physics at 
Bangor, where he remained until 1919. During this period he became interested in the 
mathematics of flight and, with E. H. Harker, wrote a book, Aerial Locomotion (with a 
foreword by Professor G. H. Bryan), which was published in 1911 by the Cambridge 
University Press in their series of Science Manuals. He took the M.A. (Wales) degree in 
Mathematics and his London D.Sc. in 1915 for research work in Surface Tension. His 
period at Bangor of course included the whole of the first World War, during which 
depletion of the staff left him for two years in sole charge of the Applied Mathematics 
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division; in addition, for three sessions he had also to be the lecturer in Electrical 
Engineering. Even with this load of work he found time to be interested in hydro-electric 
development in Wales, and was an active member of the committee dealing with this 
matter. He was one of those sent to give evidence to the Water Power Resources Committ ee 
of the Board of Trade. 

In April 1919 he took a post as Lecturer at Manchester College of Technology, but 
only stayed there for two years, after which he migrated to London, and in October 1921 
became a lecturer in the physics department of Queen Mary College, at that time called 
East London College. He spent the rest of his career here, first as senior lecturer and, 
from 1934, as associate professor. 

Immediately on coming to London in 1921 Ferguson joined the Physical Society, with 
which he was to be so intimately connected for more than 20 years. He was elected to the 
Council in 1925, and acted as Papers Secretary from 1928 until 1938. He was thus in 
office during many of the main events of the inter-war period, beginning with the 
amalgamation of the Optical Society with the Physical Society in 1932. He was, if not the 
prime originator of the idea of the Progress Reports, at least one of its main protagonists; 
he pushed the idea, against the opposition of those who thought it would involve financial 
loss, wrote to prospective authors, and himself edited the first few volumes. As he had to 
explain to the authors that long articles, involving a lot of hunting for references, were wanted, 
and that no payment was proposed for the first issues, his task cannot have been easy. At that 
time the office staff was small and the Society had no Secretary-Editor; the Proceedings 
were edited by Captain C. W. Hume, who devotedly gave his spare time to this work for 
many years, but naturally could not take on this additional task. Ferguson had a particular 
wish to include in each annual volume a report on the teaching of physics, a subject he had 
much at heart; the writing of it usually fell to him, and his report, though rather incongruous, 
was scholarly and often provocative. Ferguson also played a great part, with Ezer Griffiths, 
in organizing the International Physics Conference of 1934, which coincided with a meeting 
of the Symbols, Units and Nomenclature Commission of the International Union. 

During his term as Papers Secretary and President of the Physical Society it became 
advisable to reduce costs and a change of printer was advocated. Fergusonhad been appointed 
an Editor of the Philosophical Magazine in 1937 and had subsequently, in 1938, become a 
Director of the firm of Taylor and Francis, the owners of the Philosophical Magazine. 
At the suggestion of Wilfred Jevons, Taylor and Francis were asked to tender for the 
Proceedings and it was largely due to Ferguson that very satisfactory rates were obtained. 

These inter-war years were, however, not without troubles for Ferguson. He had 
been having trouble with his eyes for some time, and in January 1933 he underwent an 
operation for cataract, but he was not long in enjoyment of the better vision which resulted. 
He noticed a blurring of things in the late summer of 1934, and was able to follow and 
report a progressive deterioration. He was in fact suffering a retinal detachment, for which 
he was operated on in October 1934. I remember vividly my visit to him in Moorfields 
Eye Hospital. He was under strict injunctions not to move his head, so that as one entered 
the room one saw the massive frame lying on its back, and a voice directed towards the 
middle of the ceiling asked who it was. He had been very interested in the operation 
(he was not given a general anaesthetic) and was vastly amused at the idea of electrical 
soldering applied within the human eye. 

After this operation he recovered his vision to a great extent, but he was always a great 
anxiety to his friends, during his visits to London. We had to pilot him about buildings, 
tell him where to expect a step, and guide him to his vehicle (it had to be a taxi rather too 
often for a modest pocket), yet he was always cheerful, ready with an apt quotation, and 
master of the subjects which he had come to discuss. 

1 do not know whether it was a deliberate choice, made when he came to London, or 
whether it was gradually forced on him, but from the age of 40 Ferguson devoted himself 
to those tasks of organization and committee attendance which are so necessary but so 
shunned by most scientists. Probably his combination of efficiency and of readiness to 
turn his hand to tasks that needed to be done made him accept first one post and then 
another till he had no option but to continue. I have sketched his connection with the 
Physical Society from 1921 up to the end of the inter-war period (he gave up the Papers 
Secretaryship in 1938), but he was equally active in other fields of physical organization. 
He joined the Institute of Physics as a Fellow in 1928, and in the same year began a term 
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of service on the Board. In accordance with the rules he had to stand down in 1933, but 
he was back on the Board in 1934 and remained there, as member and then as Vice-president, 
until 1943. During this time he was active in the cause of unity, or at least of co-ordination, 
between the Institute and the Society, but in this regard he was before his time. There 
are still some who are active in this cause, and they will have their success some day, if 
only because logic demands it, but the time is not yet. 

He was a member of the Faraday Society and became a member of its Council (1936-1937) 
and a Vice-president (1937-1943, with a statutory break of one year); he was prominent 
as a reviewer of books and referee of papers and, from 1947 until his death, was an Honorary 
Life Member of the Society. 

I do not know just when he became Recorder of Section A of the British Association, 
but he held the position when I first joined the organizing committee, and I was staggered 
by the energy he put into the task of making the programmes for the annual meetings 
coherent. When the Association met at Blackpool in 1936 Ferguson took a great delight 
in being back on his own home ground, and had made it quite clear that the presidency 
of Section A at a meeting in that town would give him intense pleasure; so that in 1936 
he was prevailed on to hand over the post of recorder to Ezer Griffiths and himself became 
President of the Section, a well-deserved honour. At that time he became also General 
Secretary of the whole Association, and retained this duty until 1946. 

Just before the war, then, Ferguson had been Papers Secretary of the Physical Society, 
and had begun to take a major part in the editorship of the Philosophical Magazine. This 
did not end his part in the publications policy of the country at that time. It was in 
January 1939 that he began work as an Associate editor of Nature, and he carried this on 
into the early years of the war, during which time the proposal for a new journal, Endeavour, 
was mooted. He naturally became a member of the editorial panel of this publication, too. 

But it is now time to consider the period of the second World War. Ferguson, on 
handing the Papers Secretaryship of the Physical Society to me, became President for the 
two-year period 1938 to 1940, but the outbreak of war presented the Society, like everyone 
and everything else, with new problems, and it was thought better, at the end of his normal 
term, to ask him to carry on for a further term, rather than to change Presidents in those ' 
early critical days. He therefore filled the office until 1941, the only President in the 
history of the Society to serve for such a term. ‘The strain, with all these outside activities 
in addition to his work at College, must have been terrific, and ! often feel that we may 
be in some degree responsible for the afflictions which he suffered soon afterwards. He 
slipped in boarding a bus and fell heavily, knocking his head; he was very badly bruised 
but he made light of the matter at the time. However, a type of paralysis gradually made 
itself manifest, which in 1942 was diagnosed as myasthenia gravis. It affected his powers 
of speech, and at first made it difficult to follow him, but later one became accustomed to 
it; perhaps too he gained more control. Moreover, he was given tablets which enabled 
him to gain temporary control for a lecture at college or any special occasion, and when 
he broadcast in a B.B.C. programme he was quite clear. 

During the war Queen Mary College was evacuated to Cambridge, and Ferguson 
had the joy of lecturing in the Cavendish Laboratory theatre and of mixing with the 
Cambridge physicists. He retired from his University post in 1945, and was made a 
fellow of Queen Mary College in 1946. He was still very busy, and made frequent visits 
to London to attend various committees, remaining a member of the Editorial Board of 
the Philosophical Magazine, and in 1948 he prepared the special Commemoration volume, 
in which his knowledge of eighteenth century science shone through the whole plan. 
But his condition gradually became worse. Somewhat later his condition was aggravated 
by Parkinson’s disease, and in 1949 further complication due to inflammation at the base 
of the oesophagus developed. From that time until his peaceful death on 9th November 
1951 he lived cn a liquid diet, devotedly tended by his wife Nesta, a former student of his, 
daughter of Mr. John Thomas, former Vice-Principal of the Naval College, Bangor, 
whom he had married in 1919. After his paralysis it was in Nesta’s handwriting that 
his characteristic letters used to arrive, for he did not allow such a minor matter as bodily 
weakness to interfere with his interests and activities, and she certainly would not let him 
give up if it were merely a matter of writing letters. Ferguson’s son, John, had a brilliant 
career at his University, in which Allan took real pride, and their home was truly a happy 
Christian one, 
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Ferguson always preferred to live away from his work. When I first knew him he lived 
in Ongar, but as London spread he felt that this was not far enough out, and he moved to 
Bishop’s Stortford. At the time of the move he told me how many tons of books had to 
be packed and crated; I think the number was five, but cannot be quite sure. At any rate, 
shelves were put in all the rooms for their reception. He used his journeys for reading, 
and in the Ongar days he had a spell of interest in detective stories, of which he reckoned 
to read one a day in the train. But this was not all his reading. He had, as has been said 
already, a deep interest in eighteenth century literary life, and all this was not to the 
exclusion of his scientific reading. He was an expert in classical physics, particularly 
surface tension, and knew a surprising amount about modern developments. 

This was fittingly recognized by the Editors of the New Chambers’ Encyclopaedia, 
who asked him to organize the articles on physical subjects. It reminds me that he must 
be one of the few people to review the Encyclopaedia Britennica; when the new, post-war 
edition came out he reviewed it for our Proceedings, not confining himself to the scientific 
articles, but commenting on its treatment of other subjects, and pointing out that it had 
no reference to the Papworth settlement for the tuberculous. 

In politics Allan Ferguson was a Liberal, of the Manchester school, but he had a good 
deal of sympathy with the Labour movement, and an appreciation that there was much 
that is valuable in the doctrines of the traditional enemies of the Liberals, the Conservative 
party. He believed very strongly in the League of Nations, and was a leading light of the 
local branch of that organization. The failure of the League when its testing time came 
was a source of grievous disappointment to him. 

Thus in his last six years, after his retirement, he had, despite his bodily discomforts, 
some consolations : a devoted wife, helping him to keep up his interests in the world of” 
physics; a clever, loving son of temperament not unlike his own; he had his books, though 
he could not always read very much, and he had his correspondence with old friends. 
Letters, and visits from them, were a source of great consolation to him, and he was always 
more energetic after a group of scientific colleagues had been to see him. The end was a 
peaceful one, and the service at Bishop’s Stortford preceding his cremation was attended 
by many of those who had loved and honoured him. J. H. AWBERY.* 


* T should like to express my appreciation of the help which Dr. W. Jevons has given me in 
making this a less unworthy account; he has reminded me of some incidents which had slipped 
my mind and told me of others unknown to me which I am glad to see placed on record. 


MEYER FINN 


Mr. M. Finn died on 8th February 1952 in his eightieth year; he had been a Fellow of 
the Physical Society for some fifty years. He was born of Jewish parents in Bialastock on 
the Russian side of the Polish border and managed to obtain a place in the Russian Gym- 
nasium although only one per cent of the available places were then allocated to Jews. 
He came to England when he was seventeen and entered Armstrong College in the Univer- 
sity of Durham. In three days he learnt enough English to attend lectures and finally became 
a distinguished mathematical scholar of the University, holding a Junior Fellowship for a 
time. Mr. Finn went to Southend in 1897 to take up work at a small school for boys and 
girls which eventually became Southend High School for Boys. It was during a Practical 
Physics Examination carried out for the Oxford and Cambridge Joint Board many years ago 
that [ came into contact with him and was very much impressed by the fact that he had 
designed nearly all his electricity and magnetism experiments to work from the direct current 
mains. ‘[‘hese experiments were described in his book Electricity and Magnetism, pub- 
lished by Bell, now, unfortunately, out of print. 

As well as being Senior Master in the day school he was in charge of evening classes at 
the Southend Evening Technical Institute, where he trained many students for the London 
B.Sc. Degree, and organized comprehensive curricula in commercial subjects, cookery, 
dress-making, etc. He retired at the age of sixty-five, but during the war returned to teach 
Physics to sixth form boys of St. Paul’s School and the Dagenham Secondary School. 

Immediately after his arrival in England Finn became a naturalized British subject and 
was equally proud of his Jewish birth and his British nationality; he married an English- 
woman and they had eleven children, of whom seven are in this country, three in the United 
States and one in Australia. His wife died in December 1946 soon after their golden 
wedding, but he lived to see his great grandson, LoriBs 
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JULIUS HARTMANN 


By the death of Julius Hartmann on 6th November 1951 Danish science and _ technical 
research has suffered a great loss, and the Technical University of Denmark (‘T.U.D.) has 
been deprived of one of its most active teachers. 

Hartmann’s whole career as a scientific worker was intimately connected with and devoted 
to the development of his Laboratory of Technical Physics at the T.U.D. Already as a 
young student he began scientific work as Professor K. Prytz’s assistant in the old Physical 
Laboratory. In 1914 he became a lecturer (Docent) of Physics, and in 1929 he was made a 
professor of Technical Physics, which latter discipline he had introduced as a new educa- 
tional subject of the T.U.D. Ten years later a well-equipped laboratory—thanks to 
Hartmann’s indefatigable efforts—was established in the new buildings then erected for the 
T.U.D., and here he spent the last years of his very active lifetime. 

Hartmann’s scientific work was mainly centred on problems raised by and connected 
with a series of inventions and discoveries most of which he had made during his younger 
years. Here may be mentioned his jet-wave commutator and rectifier for alternating 
current, which is described in a paper Nye Ensrettere og periodiske Afbrydere (1918), for 
which he obtained, as the first in Denmark, the Dr.techn. degree at the T.U.D. 

Hartmann tried, with more scientific and technical than economic success, to develop the 
jet-wave rectifier into an industrial apparatus. In two big monographs, The $et-Wave 
Rectifier (1929) and The Large Capacity Jet-Wave Commutator, I-Ii (in collaboration with 
L. Logstrup Jensen, 1944 and 1946) and a number of smaller papers, Hartmann has given 
the results obtained by this work. Many new and important observations and inventions 
relating to fluid flow were made, such as the ‘ Plate-Jet’’ and the electrodynamic mercury- 
pump. 

When trying to measure the pressure-distribution in an air-jet of supersonic velocity by 
means of a Pitot-tube Hartmann observed pressure fluctuations in the Pitot-system. A 
closer investigation of this phenomenon led to Hartmann’s construction of a generator for 
very intense sound-waves, described in The Acoustic Air-fet Generator (1939) and now 
generally known as the ‘ Hartmann Acoustic Generator’ and mentioned in all modern 
textbooks of acoustics. In many laboratories it has been used as a most convenient and 
practical source for high-intensity sound waves. 

Hartmann has described many interesting and important phenomena produced by use of 
his generator, such as the association and precipitation of particles in a colloidal suspension 
and, under certain other conditions, the opposite effect, production of emulsions. Certain 
biological effects, as, for instance, disinfection of liquids containing microbes, have also been 
observed. 

For the detailed investigation of the structure of a pulsating air-jet Hartmann, in colla- 
boration with F. Larris, developed a special Schlierenmethod which gave very nice photo- 
graphic results. 

As a teacher of physics at the T.U.D., where the Danish engineers (Civilingenigrer) are 
educated, Hartmann’s endeavours were directed mainly on the experimental work and 
especially on the techniques of measurement and evaluation of observations. He wrote 
several textbooks on these subjects; the last of these came from printing just a few days 
before his death. 

Personally Hartmann was a kind and modest man, who preferred work to most other 
forms of human enjoyment of life. His many friends and admirers in his own country and 


abroad deeply regret his death. 
R. E, H. RASMUSSEN. 


CHARLES HERBERT LEES 


By the death of Professor C. H. Lees the Physical Society has lost its oldest past president 
and the world of physics will mourn the departure of one of the ‘old guard’ of the last 
generation. He was 88 years of age and died on September 25th 1952. Lees was born 
in Glodwick, Oldham, in 1864, the second of three sons of Jane and John Lees. John Lees 
was one of the gold seekers who went to Australia in the 50s. He and his partner found 
the “‘ Leg of Mutton” nugget at Ballarat. With the proceeds John Lees founded the 
Ballarat building in Oldham and C. H. Lees as a young man was always interested in the 


upkeep and repair of the property. 
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Lees left school at the age of 14 and went as a clerk to the Gas Company’s office in 
Oldham. He attended night school and gained a scholarship to the Owens College, 
Manchester. When he took his degree he was a Derby Prizeman and elected Bishop 
Berkeley Fellow in 1888: on an average about three of these were awarded each year 
from 1881 to 1895, after which they were discontinued. They were open to all Faculties — 
and Lees was one of only five physicists elected to fellowships during the 16 years. He 
studied at the University of Strasbourg for about two years and then spent a few months 
teaching at a school. His Strasbourg professors were Kundt in physics and Christoffel 
and Rye in Mathematics. In 1891 he returned to Manchester and was appointed senior 
assistant lecturer and demonstrator in Physics in the Owens College and became lecturer 
and assistant director of the Physical Laboratories of the University of Manchester in 
1900. He worked under Schuster. Until his marriage in 1902 Lees spent much of his 
holiday time walking and geologizing in Lancashire and Yorkshire, often accompanied 
by his younger brother. He left Manchester in 1906 to become professor at Queen Mary 
College, then East London College. Just before he left Manchester he went to South 
Africa as secretary of Section A (Physics and Mathematics) of the British Association. 
He served Queen Mary College until 1930 retiring with the title of Emeritus Professor 
of Physics in the University of London. He was Vice-Principal of the College from 1918 
to 1930 and a representative of the Academic Board on the Governing Body from 1916 
to 1930. It is certain that the Principal, J. L. S. Hatton, relied a great deal on Lees’ 
judgment in college administration and academic matters. In his earlier years at the 
college he had one lecturer to share the work and there were evening as well as day classes. 
By 1929-30, his last session, his staff had increased to four lecturers and the evening 
classes had been abolished. ‘Throughout the time Lees took a large share in the lecturing 
to Intermediate, General B.Sc. and Special Honours students. 

It was in 1907 that the College first obtained recognition as a school of the University 
of London for an initial period of three years. This was extended for a further five-year 
period in 1910 and finally without limitation in 1915. Lees’ part in developing the Physics 
Department and his general influence on college affairs must have contributed much to this. 

He was one of the first three to be elected Fellows of Queen Mary College when it 
received its new charter in 1934. For many years Lees served on the Kent Education 
Committee and the Delegacy for Managing Goldsmith’s College. 

Lees’ major contribution to physics was in the field of thermal measurement. During his 
stay at Strasbourg he carried out some experiments on thermal conductivity by the ‘ periodic’ 
method first used by Angstrém. He found that the variation of temperature along the bar 
could not be represented by the expression deduced by Angstr6m from Fourier’s equation 
for the flow of heat along a bar. On his return to Manchester he made a theoretical study 
of the problem and published a paper ‘“‘ On the Law of Cooling, and its bearing on the theory 
of the Motion of Heat in Bars’’. This was published by the Manchester Literary and 
Philosophical Society 1889-90. 

Three papers were published in the Philosophical Transactions of the Royal Society in 
1892, 1905 and 1908. The last of these, on ‘‘ The Effect of Low Temperatures on the 
Thermal and Electrical Conductivity of Certain Approximately Pure Metals and Alloys”’, 
constituted the Bakerian Lecture for 1908. (In this latter work he used resistance thermo- 
metry and acquired first-hand knowledge of the use of this method of measuring temperature 
by working with E. H. Griffiths.) In these papers Lees displayed his mastery of 
mathematical technique when dealing with the calculation of correction terms. Lees’ 
method for the measurement of the conductivity of materials in the form of discs is now 
usually found in modern textbooks. 

His interest, however, was very wide as will be seen from the titles of some of his other 
papers.* In 1901 he published a paper in the Proceedings of the Physical Society ‘“‘ On the 
Viscosities-of Mixtures of Liquids and of Solutions”. In 1929 he contributed to the 
Society a paper on ‘“‘ The Free Periods of a Composite Elastic Column or Composite 
Stretched Wire”’. This arose out of some investigations carried out at the Safety in Mines. 
Research Stations at Sheffield, Lees serving on the Safety in Mines Research Board. His 
presidential address to the Physical Society was ‘“‘ On the Mechanical Equilibrium of a 
Sphere of Gravitative Fluid”. He also contributed papers on a.c. bridges and on fluid 


flow through pipes. Lees took a delight in the geometrical or graphical representation 
of results. 


* A complete list of his published papers is available at the offices of the Physical Society. 
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The writer’s first contact with Lees came early in the formation of the Engineering 
Committee of the Food Investigation Board now the Food Investigation Organisation. 
Sir William Hardy, with his sure instinct for selecting the right man persuaded Lees to: 
serve on this Committee, which had Sir Alfred Ewing as its chairman and also on the 
Insulation Sub-Committee. 

The first report they produced was on the literature of refrigeration, this was followed 
by a critical study of insulated rail vans. They drew attention to the disadvantages from 
the thermal insulation aspect of the considerable number of metal bolts and metal 
components penetrating the insulation. The point of their criticism will be appreciated 
when it is remembered that the conductivity of iron is about 1000 times that of cork. 
For a period of over twenty years the Engineering Committee continued to function. 
It supervised the work of Professor Frewen Jenkins at Oxford on the properties of 
refrigerants; it encouraged work on insulating materials, humidity and various other 
questions at the National Physical Laboratory ; under its auspices the overseas transport 
of fruit and meat was investigated. One of its efforts in full scale research was the purchase 
for the Board of a Thames barge, insulating the holds with various materials and equipping 
it with a refrigerating plant which could be operated from the engine when this was not 
required for propelling the barge. As an experiment the venture was a success and a 
profit was shown, but the conservative attitude of those engaged in this trade retarded 
its adoption. 

Lees was president of the Physical Society from 1918 to 1920, and was also a vice- 
president of the Institute of Physics. His hobby was handicrafts and to within a few 
days of his death he occupied his time doing carpentry. . He was a man of great patience 
and was not to be deviated from the course he had set himself by difficulties when carrying 
out a piece of research. When dealing with research students, if unable to give immediately 
the complete answer to a question he never failed to throw some light on the problem or 
make valuable suggestions for the solution. He endeared himself to colleagues and students 
by his great charm and sincerity and we mourn the loss of a staunch friend. He is survived 
by his widow and five children, all of whom are associated with scientific work. His 
eldest daughter is the wife of Professor G. L. Brown, C.B.E., F.R.S. EZER GRIFFITHS.. 


WILLIAM LETHERSICH 


WILLIAM LETHERSICH, who died on 2nd March 1952 at the age of 46, gave an example: 
of achievement in the face of physical handicap. Educated at the Tottenham County 
School he entered Queen Mary College (London) in 1925, securing in 1928 Second Class. 
Honours in Physics, in spite of his indifferent health. After spending a year on research in 
the Physics department he transferred in 1929 to the Electrical Engineering department 
under Professor MacGregor-Morris, where he introduced the double balanced calorimeter 
method of measuring dielectric losses at high frequencies based on the principle of the rate 
of temperature rise. The method is stillinuse. In 1930 he joined the staff of the Electrical 
Research Association, where he remained until his death. At first he worked with Dr. H. G. 
Taylor (now Director of the Welding Research Association) on the heating of lamp fittings. 
and developed the Schlieren method of displaying and analysing hot air currents for this 
purpose, inventing certain ameliorative measures. His methods have been widely developed 
and his improvements are incorporated in modern design. Regarding the risk to wooden 
poles for overhead lines with abnormally wet heart wood, in the event of insulator failure, 
he elucidated the mechanism and showed the risk to be slight and capable of avoidance by a 
very simple expedient. He then began his main scientific work, which was on the rheological 
properties of insulating materials. He gave a definition of plastic and brittle failure of 
bitumen, together with a quantitative relation between tensile strength and rate of loading. 
His greatest achievement, on which he was working when his last illness began, was probably 
his application of the theory of linear phenomena to rheological properties. He showed that 
the behaviour of a large number of materials under shear stress could be quantitatively 
expressed in terms of a simple spectrum of relaxation times, over a range of time intervals 
from the order of 10-5 to 104 sec, 9 decades. In this work he produced several ingenious. 
experimental devices, described in his publications and exhibited at the Physical Society’s 
Exhibition and elsewhere. Full recognition was rather slow in coming to Lethersich on 
account of a rather obscure literary style, but in the last few years his reputation for theoreti- 
cal acumen and elegant experimentation had grown rapidly. He was a Fellow of the 
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Institute of Physics and an Associate Member of the Institution of Electrical Engineers, as 
well as a well-known member of the Rheologists’ Club. He published several papers in the 
Proceedings of the Physical Society, Journal of Scientific Instruments, Proceedings of the Insti- 
tution of Electrical Engineers and British Journal of Applied Physics. 
Lethersich was not just a scientist, he was an accomplished musician and a man of 
religious principles, esteemed by a wide circle of friends. He was a bachelor who devoted 
himself to the service of his community. He gained first prize for the organ at the Stratford 
Music Festival and acted as Organist and Choirmaster at Queen’s Hall Methodist Church, 
Hayes, for 17 years. Frequently he took duty for his former teacher, Mr. Edgar Humphreys, 
at Bow Church. The heart trouble which led to his death was a serious handicap throughout 
his life. In spite of it he made permanently valuable contributions to all the scientific fields 
of his professional endeavour, in the arts he was admired, and as a friend and teacher he was 
loved. S. WHITEHEAD. 


FREDERICK HENRY NEWMAN 


FREDERICK HENRY NEWMAN was born on 8th June 1891, and was educated at the Bath 
‘Technical College (Secondary School) from 1904 to 1911, and at the Royal College of 
Science, South Kensington, from 1911 to 1914 as the holder of a Royal Scholarship. 
In 1913 he graduated with First Class Honours in Physics and obtained the Associateship 
of the Royal College of Science. He came under the direct influence of Lord Rayleigh 
and Professor A. Fowler as a research student during the session 1913 to 1914. He then © 
proceeded to University College, Aberystwyth, as Lecturer in Physics, and in 1915 carried ~ 
out some research on x-rays, in the course of which his left hand was very severely burnt, 
which resulted in a wound that never healed. This was a source of much discomfort fo 
the rest of his life. He obtained a commission in the Forces and served in a technical 
capacity from 1915 to February 1919, when he retired as Captain. 

In March 1919 he was appointed to the only lectureship in Physics in the former Royal 
Albert Memorial College in Exeter. He then had but a few students, and of the three whom 
he prepared for the London B.Sc. (Special) degree, two obtained First Class Honours in 
Physics. This was an augury of the excellent work he was to do at Exeter. He remained 
a lecturer until 1922 when the College was placed on the Treasury List by the University 
Grants Committee as the University College of the South West, and in it he became the 
occupant of the newly-created Chair of Physics. During his tenure his Department 
grew in every way, so much so that its present teaching staff of six is fully occupied. He was 
largely responsible for the design and equipment of the Washington Singer Laboratories, 
opened in 1931, of which he became Director. 

Professor Newman held the degrees of D.Sc. and Ph.D. of the University of London 
(he was the first external student to receive the London Ph.D. in Physics), the diploma 
of membership of the Royal College of Science and Technology (D.I.C.), was a Fellow of 
the Institute of Physics, of the Physical Society, and of the Institute of Radiology. He was 
a member of la Société Francaise de Physique and A.M.I.E.E. 

His research work, which was begun at the Royal College of Science, first dealt with the 
absorption of gases by various metals that had been deposited on the cathodes of electric 
discharge tubes. ‘This work he resumed at Exeter after World War-I, and it subsequently 
developed into extensive spectroscopic investigations of vapours of the alkali metals and 
mercury and of the gases, hydrogen and argon, contained at low pressures in discharge 
tubes at various temperatures. His interest in physical research never waned, although 
his output of published work in recent years inevitably became less owing to the encroachment 
on his time of administrative work. Newman also directed the researches of numerous 
students for whom he chose themes other than Spectroscopy, and the results of their work 
have been published under their names, so that his influence in the discovery of new 
knowledge extends well beyond his own particular field of research. 

Dr. Newman was the author of three monographs on Physics, viz. The Production and 
Measurement of Low Pressures 1925; Electrolytic Conduction 1931; and Recent Advances 
mn Physics 1931. In collaboration with one of his former students, V. H. L. Searle, he wrote 
a standard text-book on General Properties of Matter which passed into its fourth edition 
in 1948 and has since been reprinted several times. 
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On the outbreak of World War II he was both Chairman and Secretary of the Joint 
Recruiting Board of the South Western Area, and it was not until 1947 that he relinquished 
the Secretaryship. On the cessation of hostilities he undertook yet more voluntary work 
and became Chairman of the Exeter Disablement Advisory Committee of the Ministry of 
Labour. For many years he was a Scientific Consultant to the Exeter City Police, and in 
this capacity gave many lectures at police conferences on Scientific Aids in the Detection 
of Crime and acted as an expert witness in many cases. During the recent war he acted as 
adviser to one of the Services. He also organized intensive courses for Radio-bursars of 
six months’ duration, of training in Radio Communication over a period of three years, and 
towards the end of the war he directed two one-year courses for Cadets of the Royal Corps 
of Signals. Recognition of this public service came in the form of the C.B.E. in the New 
Year’s Honours List of 1949. Since then he was appointed as one of the three West Regional 
Scientific Advisers to the newly-created Civil Defence Service. 

Following the resignation of Dr. John Murray from the Principalship, Professor Newman 
undertook the dual task of Acting Principal of University College, Exeter, with nearly a 
thousand students, and that of running his own Department. At the present stage in the 
development of the College the work entailed by the combined posts was colossal, but Newman 
managed to cope with the task with an efficiency which characterized everything he undertook. 

His powers as a teacher and research worker were considerable. Hewas extremely popular 
with his students, both present and past, who frequently sought, and were benefited by, his 
advice. By nature he was quiet and reserved. Despite the very active life which he led he 
was never physically robust, and owing to a life-long disability, coupled with the x-ray injured 
hand, he was frequently in great pain, although he took especial care not to allow the fact to. 
become apparent to others. 

His death on 15th April 1952 was comparatively sudden, and in his passing the University 
College of the South West and the City of Exeter have suffered a great and severe loss. He is 
survived by his widow, a daughter and a son. H. T. S. BRITTON. 


MALCOLM MACLEOD NICOLSON 


MatLcoim MacLeop NICOLSON, Lecturer in Physics at Leeds University, was killed im 
an accident at a railway station near his home on 21st December 1951. He had been to 
meet some friends who had been delayed by the thick fog, and whilst leaving the station by a 
private crossing was struck by a passing train and killed instantly. 

He was born in Skye on 6th July 1919, but his family later moved to Lancashire and he 
entered Manchester University in 1936, graduating with First Class Honours in Physics in 
1939. He worked as a research student under Professor Hartree and took an M.Sc. in the 
following year. 

After a short period of service in the Royal Navy, followed by work on radar develop- 
ment, he was appointed in 1941 as lecturer in the Gunnery and Mathematics department of 
the Royal Military College of Science. In 1945 he went to Cambridge, where he worked 
under Dr. Orowan on surface phenomena in ionic crystals, work for which he was awarded a 
Ph.D. in 1948; whilst at the Cavendish Laboratory he also carried out theoretical work on 
thermionic valves under the direction of Professor Hartree. 

Nicolson came to Leeds in October 1948, and in the brief three years he was there 
he made himself an integral part of the life and work of the Physics Department. Although 
primarily a theoretical physicist, he took a very active interest in the experimental work in the 
teaching laboratories, and his lectures were marked by the thoroughness with which he 
covered his subjects. At the time of his death he had nearly finished writing a book on 
mathematics for physicists. Arrangements are being made for the completion and publi- 
cation of this book. 

Occupied though he was in teaching and writing, he was generous to a fault in the time 
he would devote to problems brought to him by colleagues and research students. ‘The loss 
of a young scientist of great promise, able and enthusiastic, with high standards and sound 
critical judgement, is a heavy one, and his many friends will sadly miss a delightful com- 
panion, lively and forceful in discussion, humorous and kindly, and utterly unselfish. 

In 1942 he married Miss Phyllis Lockett, whom he leaves with two young sons. 
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REVIEWS OF BOOKS 


AA Hundred Years of Physics, by W. Witson. Pp. 319. (London: Duckworth, 
1502). 22.45. 


It is an unforgivable remissness to delay the review of scientific works, particularly one 
of Physics, for their value is usually strictly temporary and most are out of date before they 
are printed. My excuse in this case is that here we have a book which will be of permanent 
value to the students of physics and, as it deals with a hundred years of the subject, will 
not suffer from waiting two or three for a review. 

Most books on the history of science tend to be a catalogue of dates and discoveries 
interspersed with biographical details more or less relevant to them. They are necessarily 
unintelligible to anyone not knowing the subject thoroughly. Professor Wilson has not 
followed this tradition. Indeed he has written on the last hundred years of physics hardly 
bringing in history at all. It is idle to look in this book for a critical account of the 
development of physics from 1850 to 1950 or to learn anything about the men who were 
responsible for its chief advances. Nor will anything be found of the applications of 
physics or its contribution to the present atomic age, nor even to the influences of industry 
or war on the advance of physics. For all such information we must look elsewhere in 
the wide though scattered literature on all these subjects. 

What we will find in Professor Wilson’s book is a description, on a level suitable to a 
first year university student, of the actual advances in physics themselves, arranged in a 
logical rather than historical order. Thus it provides a new, attractive and, at the same 
time, sound introduction to physics, not as a set of dogmas of accepted knowledge, but as 
an interlinked series of successive approximations plainly unfinished. He follows out 
three main themes: thermodynamics, including the derivation of the first and second 
laws ; the electromagnetic theory of light, and modern physics of the quantum theory 
and relativity. Anyone following his chapters, which are copiously supplied with references 
to original papers, will be able to learn physics intelligibly set out as it was built up. 

There is, in addition, a most valuable bibliography. Of particular value are the 
‘simple descriptions, experimental and mathematical, of the main advances. They can be 
used as they stand as a basis for teaching. 

Of course the picture is not complete ; for brevity’s sake branches and links, often 
important ones, are altogether omitted. There is a notable lack of description of the purely 
technical advances which made the scientific discoveries possible. The index does not 
‘contain the words vacuum or valve. But for what it sets out to do A Hundred Years of Physics 
is pre-eminently successful. It should find its place in every teaching laboratory of physics 
and the wise lecturer will want to look at it again each time he prepares his courses. 

J. D. BERNAL. 


Science in Progress, Sixth Series, edited by G. A. BartsELL. Pp. xv-+322. (New 
Haven: Yale University Press ; Oxford: University Press, 1949.) 40s. 


The progress of science moves with an accelerating pace, but the communication of 
the results is as slow as, if not slower than, ever. Most of the essays which compose this 
book were delivered in 1947. The book was published in 1949, reached this country 
in 1950 and is being reviewed, owing to the inexcusable dilatoriness of the reviewer, in 
1952. It would have been useless, even without that, to discuss these essays as the latest 
fruit of scientific advance. That they are worth reading now, and most of them are, is 
due to more intrinsic and time enduring factors. All are well and clearly written and, 
though subsequent discovery has added to the picture in many places, as records of 
achievement they still hold their own. 

The authors of the physical articles, Smyth, Wheeler, Lawrence and Seaborg, are all 
renowned masters of their field in American science, as are those in the chemical and 
biological fields, Pauling, Zechmeister, Stanley, Dubos, Beadle, Sturtevant and Kellog. 
Most are the directors of vast new laboratories with the super apparatus which has been 
a magnet to scientists all over the world. What they have to say is the real matter of the 
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history of science. Indeed, Smyth’s article From X-Rays to Nuclear Fission is ostensibly 
history and interesting for the critical comparison of the science of 1942 with that of 1896. 

“The chain reaction, the next and last discovery to be metnioned, was made under 
circumstances superficially very different—in secret, in a war laboratory, heavily financed 
by the United States Government. Even now, a complete quantitative description of the 
chain reaction has not been published. The beauty of Roentgen’s paper or of those 
on fission was that anyone who read them could repeat the experiment. This is perhaps 
the most fundamental principle of science ; its methods of operation are so objective and 
its means of communication so precise that its results are reproducible. Each man can 
build on the other’s work so that knowledge is advanced by a vast cooperative movement. 

But we cannot work in this way when atomic bombs may be the reproducible result in 
a world that is politically unable to control them. Hence, we have to violate our funda- 
mental principles and keep silent about numbers and dimensions.” (Page 20.) 

“Up to the time that Fermi and his group first made the nuclear reaction go, the 
uranium project was essentially scientific in aims and methods. December 2, 1942, 
represents the end of the epoch of atomic physics that began in 1895. Whether the effort 
of scientists in this period will ultimately benefit mankind or destroy it remains to be seen. 
The power of the scientific method has been amply demonstrated.” (Page 21.) 

This is certainly a fact, but its consequences inside and outside science have yet to 
be fully appreciated. Lawrence on High Energy Physics will long be worth reading. 
Though the achievement of a mere 200Mev in the Berkeley Synchro-Cyclotron seems 
now small beer in the Bevatron area, the story of it is like a new voyage of discovery, 
though it must have cost several hundred times what it did to discover America in the 
first place. In the same way, Seaborg’s story of Eight New Synthetic Elements will stand, 
however many more have still to be described or concealed. 

So much for the part of Science in Progress devoted to physics.. In the remaining 
field the physicist can learn of the great unification of chemistry and biology in the study 
of enzymes, viruses and microbiology generally. Here the picture is naturally far more 
complex, but the methods are increasingly the quantitative approach that derives from 
physics, and advances are almost as rapid. "They have, however, a way of being less secure 
partly due to an over-simplified carry-over of ideas from a different field, and it is probable 
that the biological section of Progress already needs more revision than the physical. 

J. D. BERNAL. 


Miscellaneous Physical and Chemical Techniques of the Los Alamos Project, 
edited by ALVIN C. Graves and Darot K. Froman. Pp. ix+323. (London: 
McGraw-Hill, 1952.) 34s. 


This is the third volume of Division V of the National Nuclear Energy Series, dealing 
with some of the techniques which had to be developed at the Los Alamos Laboratory to 
solve scientific problems associated with the development of the atomic bomb. Its value 
lies in the precise instructions which are given to achieve a certain aim, in the great deal of 
thought and explanation why a certain operation is done or suggested, and in the assurance 
that the methods proposed have been amply tested and used quite often by non-scientifically 
trained personnel. It is because of the nature of the matter that many of the devices were 
meant for a special problem, but most of them will prove useful to the research worker. 
It is therefore a book which, like its predecessors, Electronics, by W. C. Elmore and 
M. Sands, and Ionization Chambers and Counters, by B. Rossi and H. Staub, will find 
its way into many research laboratories. The following are the main topics dealt with, 
Chapter 1, Preparation of Foils, by R. W. Dodson, A. C. Graves, L. Helmholz, D. L. Hufford. 
R. M. Potter and J. G. Povelites, describes thin deposits of B, U, ‘Th, Np, Pu, Am, Lif, 
hydrogenous layers on various carriers, their assaying and the handling of micro-quantities 
of rare substances. Anyone who has spent time making such uniform deposits knows of 
the difficulties and is grateful for the information. Chapter 2, Neutron Sources, by A. C. 
Graves, R. L. Walker, R. F. Taschek, A. O. Hanson, J. H. Williams and H. M. Agnew, 
discusses sources based on alpha bombardment of beryllium, photoneutron sources and the 
various reactions involving accelerated charged projectiles, with their characteristics, 
neutron yield and details of their construction. The calibration of neutron sources, flux 
‘measurements, and methods of determining the yield from very weak neutron emitters are 
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extensively described. A specially valuable chapter deals with BF; proportional counters ; 
the preparation of pure BF, gas concludes this section. Chapter 3 gives a very clear and 
instructive exposé of the betatron by its first successful designer, D. Kerst. The Modulation 
of Beams, by B. D. McDaniel, Leo S. Lavatelli and Elizabeth Graves, from ion accelerators 
such as high voltage equipment or cyclotrons, mostly used in time-of-flight research for 
neutron studies, has become one of the most powerful methods in the energy region between 
thermal and a few kilovolts. A comprehensive account of the authors’ experiences in this 
field is given in Chapter 4 and ought to be studied by all engaged in such work. The 
following chapter, 5, by Thoma Snyder and David Lipkin, deals with high vacuum engineer- 
ing, giving workshop drawings of diffusion pumps and performance data, satisfactory high 
vacuum valves, and devices to allow manipulation in high vacuum spaces. Some, but not 
all of it, is now common knowledge. A last chapter, 6, by J. E. Mack, on Optical Methods 
and Instruments, falls outside the interest of the nuclear physicist, but is valuable for those 
who are engaged in studying rapidly changing luminous processes, such as the investigation 


of the propagation of explosives. It deals mostly with high-speed photographic cameras. 
E. BRETSCHER. 


French-English Science Dictionary, by Louis DE Vrigs. Pp. xii+ 596. (London: 
McGraw-Hill, 1952.) 2nd edn. 55s. 6d. 


Professor de Vries has already done great services for workers in science, and one has 
come to expect his dictionaries to be competently prepared. It is thus no surprise to find 
this the case with the second, enlarged, edition of his French-English Science Dictionary. 
The ‘ enlargement’ takes the form of a supplement of terms used in aeronautics, electronics 
and the trio radar, radio and television. 

The merest beginner need have no fears about using this work. The parts of many 
irregular verbs are given separate entries (‘ va’ and ‘ vais’ under ‘ V’, for example !), 
the gender of each noun is indicated, and even plurals such as ‘ chevaux’ are given. 

The original volume contained 43 000 words. The supplement brings another 50 pages, 
and this is followed by 12 pages of abbreviations together with the full words and their 
English equivalents. ; 

The words are chosen from agricultural and biological subjects as well as from the 
physical sciences. Nevertheless physics seems to be well represented, especially now that 
the supplement has been added. The book is well set out and pleasant to use. 

H. H. HOPKINS. 


Annual Review of Nuclear Science, Vol. I, 1952. Pp. ix+645. (Stanford, 
California: Annual Reviews Inc., 1952.) $6.35. 


This volume, which deals almost entirely with work published in 1950, is the result of a 
decision by the Committee on Nuclear Science of the National Research Council of the 
U.S.A. to sponsor the preparation of a series of Annual Reviews of Nuclear Science. It has 
been edited by the Sub-committee on Publications, which includes many well-known names. 
The contents of the second volume have been announced, and we may confidently expect that 
the Annual Review will be a permanent addition to scientific literature. It is natural to 
begin by making a comparison with the annual Reports on Progress in Physics, published by 
our own Society, and with the Reviews of Modern Physics, produced by the American Physical 
Society, and here one is at once struck by the difference in the field covered. Judging by 
the contents of the first volume, the Annual Review is expected to deal not only with all 
those subjects which contribute to an understanding of Nuclear Physics and Atomic Energy 
research, but also with all those subjects whose advance is accelerated by the availability of 
radioactive and stable isotopes. We find, accordingly, that only about one-half of the book 
is devoted to physics, and that there are important contributions from chemists, metallurgists, 
geologists, biologists and medical scientists. 

The articles on physics include contributions on The Nuclear Reactions of Cosmic Rays, 
Meson Physics, Recent Developments in the Theory of Nuclear Structure, The Energy 
Levels of Light Nuclei, Nuclear Moments, Isotopic Abundances, The Detection of Nuclear 
Particles, as well as a group of five articles on High Energy Accelerators. There are two 
other contributions on physical subjects, which, because they appear in this book, deal only 
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with those aspects of their subjects which are concerned with nuclear science. The article: 
on Atomic and Molecular Spectroscopy deals only with those researches which have some 
relation to the mass or structure of the nucleus, or which were made possible by the separ- 
ation of isotopes or by the production of artificial elements. The inclusion of an article on 
Low Temperature Phenomena is justified by the fact that some of the more important 
experiments described involved the use of separated isotopes. We can best give an impress- 
ion of the quality of these articles on physics by stating that, although the standard naturally 
varies, the best of them are similar to those found in the Reviews of Modern Physics, and 
that several are by authors who have contributed to that journal: 

The year 1950 was one of great activity in physical research, and it would be difficult to: 
find space even for a list of the important experiments described in this volume. The most 
significant work, probably, was that done with mesons artificially produced in synchro- 
cyclotrons and synchrotrons. The existence and some of the properties of these particles. 
had been discovered by cosmic-ray physicists, but the larger numbers of particles available 
in the laboratory, as well as the possibility of producing them by simple reactions, and by 
more than one reaction, led to a much more complete understanding of their properties. In 
particular the existence of the 7°-mesen was definitely established, and it became possible to: 
assign spins and parities to the 7-mesons. In other fields we may mention that consider- 
able progress was made in the development of the shell theory of the nucleus, that funda- 
mentally mmportant precision measurements were made of the magnetic moment of the 
proton, that several new methods for measuring the masses of isotopes were put into 
operation, and that Lamb and Retherford published detailed accounts of their work on the 
hydrogen spectrum, which had such important repercussions on fundamental theory. 

When we come to consider the contributions outside the field of physics, the reason for 
the inclusion of The Chemistry ofthe Actinide Elements (from actinium to californium): 
is easy to understand. Unfortunately, this particular contribution approximates very 
closely to a mere list of references, since one hundred and fifty papers are dealt with in about 
thirteen pages and the majority are summarized in one or two sentences. An article on 
Isotopic Tracers in Chemical Systems, after mentioning the most likely sources of experi- 
mental error, deals briefly with over two hundred contributions on isotopic exchange 
reactions, isotope effects, organic and inorganic reaction mechanisms, and surface pheno- 
mena. Analytical Nuclear Chemistry describes work on some of the new methods of 
analysis which have been developed as a result of recent advances in pure and applied 
nuclear physics, including isotope dilution analysis, and activation analysis. 

Progress in Metallurgy deals with the effects of irradiation on metals, with the properties 
of metals important in atomic energy, including uranium and thorium, with the application 
of radioisotopes to metallurgical investigations and, briefly, with the properties of metals 
which may be used in the liquid state for cooling nuclear reactors. ‘T'wo short articles 
review The Electromagnetic Separation of Stable Isotopes (and some of their applications) 
and The Chemical Separation of Stable Isotopes. 

The applications of isotopic tracers to biological, medical and agricultural investigations. 
are dealt with in three articles, in which, all together, 596 papers are summarized in 70 pages 
of text. These articles give a general impression of being extremely authoritative, but they are 
so condensed that they are almost completely unintelligible to a specialist in a physical 
science. ‘The same is true of two articles on the Biological Action and the Genetic Effects of 
Radiation. 

The authors of the separate articles were asked by the editorial committee to cover not 
only the chief developments during 1950, but also “ sufficient background material to make 
possible a critical appraisal of the current status of the subject matter covered’. Most of 
the authors have had indifferent success with the second part of this request, and the 
majority of the articles might be described as progress reports for 1950. Such reports 
would have been extremely useful in the early months of 1951, but the production of a volume 
of this size cannot be done so quickly, and the value of much of the book has diminished 
before publication. It is only fair to say that the contributors to the first volume have had a 
particularly difficult task, and that, as the Annual Review continues to be published, it will 
become much easier for a writer to fill in the gap since the preceding article on his particular 
topic. 

The policy of covering so wide a field in one volume has introduced its own difficulties. 
It is natural to welcome anything contrary to the general tendency to specialization. ‘The 
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development of atomic energy has had an effect opposite to this trend, for it has forced many 
specialists in engineering, chemistry, biology and other sciences to learn a considerable 
amount of nuclear physics. Similarly many physicists who have had to collaborate with 
workers in other fields have had to take a broader view than they would otherwise have done. 
The articles in this book are, however, written by specialists for specialists, and it is natural 
to wonder whether they should not have been published in the existing reviews. No one 
could doubt the value of an annual publication in which the various subjects which make up 
“ nuclear science ’ were discussed in an authoritative but intelligible manner. If, however, 
it were the object of the editors to provide such a volume, more attention would have to be 
given to the art of exposition, the ground covered would have to be limited, and the style 
would have to approximate more closely to that of a textbook. We do not know whether 
this is the intention of the editors; certainly it would be impossible to have authoritative, 
complete, and concise review articles, such as the best in this volume, and at the same time 
make them all readily understood by any one reader. Perhaps the disadvantages of attempt- 
ing so much have been appreciated by the editors, for we notice from the contents list of 
next year’s volume that a smaller number of articles will be published, and that they wiil be 
almost exclusively confined to physical subjects. 
This is hardly a book which many would wish to buy, but should be extremely valuable 
in a library. The book is well produced and its price is reasonable, considering its size. 
W. J. WHITEHOUSE. 


Mixtures: The Theory of the Equilibrium Properties of some Simple Classes of 
Mixtures, Solutions and Alloys, by E. A. GUGGENHEIM. Pp. x+270. 
(Oxford: University Press, 1952.) 42s. 


This book contains a readable but extensive survey of a wide field. Electrolytes, 
adsorption phenomena and colloids are omitted altogether, and the solubility of non- 
electrolytes (dealt with recently by Hildebrand) is only touched upon. The wide variety 
of topics treated is evident from the chapter headings : Chapters I and II assemble and 
outline the derivation of various general formulae from thermodynamics and statistical 
mechanics. Chapters III to V deal with solutions and introduce the general ‘ quasi-chemical’ 
method of dealing with mixtures used throughout, its relationships with the other available 
methods (combinatory, Bethe, Kirkwood) being clearly and concisely explained in 
Chapter IV. Chapter VI deals with lattice imperfections, but, in its present form, is so 
sketchy as to be worthless; the formulae derived seem only to say that the probability of 
a given type of imperfection is proportional to the Boltzmann factor associated with the 
energy required to create it! Chapter VII deals with alloys forming superlattices, 
Chapter VII! with gaseous mixtures, Chapter IX with surfaces of liquid mixtures, and 
Chapters X to XJI with various cases in which the components of the mixture are of 
different shapes and sizes. This last field is still in an early stage of development, but the 
results obtained so far are encouraging. 

Among the defects that might be attended to in a later edition I should like to mention 
the following: (a) There seems to be much unnecessary repetition, sometirnes almost 
word for word, of material in Chapters IV and VII. Compare, for example, sections 7.15 
and 4.23 or 7.17 and 4.25. (b) In section 4.28 the author begins by considering certain 
old measurements, then rejects all modern work except that of Scatchard et al., but then 
finds various reasons why the mixtures used by Scatchard are unsuitable as checks of the 
theory! A fuller explanation of the rejection of other modern work seems called for. 
(c) I see no logical reason for putting the last three sections of Chapter VII in an Appendix. 
(7) Some confusion of thought is evident in the discussion of the probable reliability of 
the various types of approximation. his is a topic of enough importance to merit a 
chapter to itself; instead, the discussion is scattered passim through the text. I have two 
major criticisms of this discussion: (i) the author does not seem to distinguish clearly 
between quantities that are likely to be reproduced well by a fairly crude treatment (such 
as the free energy of mixing) and those for which nearly all approximations are unreliable 
(such as the location of the Curie temperature and the form of the specific heat anomaly) ; 
(ii) the author comes out strongly against making deductions from expansions of the 
partition function in powers of w/kT, w being the interaction energy, and correctly shows, 
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ina number of cases, that, although the successive approximations obtained by stopping 
at various terms may agree well with one another, they nevertheless do not converge well 
to the final result. He omits to mention that precisely the same criticism can be made 
of methods that consider progressively larger groups of sites, such as Bethe’s first and 
second approximations and Guggenheim and McGlashan work on extensions of the 
‘quasi-chemical method to groups of three and four sites. It is vitally necessary to 
distinguish between cases in which the agreement of two or three successive approximations 
indicates that one really is approaching the correct consequence of the model and cases 
in which no such deduction is possible. ; 

These, however, are defects that would not be difficult to put right and de not alter 
the fact that the book contains some extremely interesting material. Of particular interest 
is the account in Chapter VII of the application of the quasi-chemical method, extended 
to a group of four sites, to a discussion of the three alloys of copper and gold. The lattice 
is face-centred, so four sub-lattices, not two, are involved, and earlier theories were unable 
to give a consistent picture of all three alloys (AuCu;, AuCu, Au,Cu) within one framework. 
The account of solutions of high polymers is well written and interesting. 

The book is likely to become a valuable work of reference. The printing and binding 
-are, as usual in this series, of a high standard and there are remarkably few misprints. 
The index is adequate. H. N. V. TEMPERLEY. 


The Physical Principles of Thermodynamics, by R. A. SmitH. Pp. xiii+280. 
(London: Chapman and Hall, 1952.) 30s. 


This is an agreeably written account of the fundamentals of classical thermodynamics. 

"There are quite a number of books that could be described in these words; they are 
divided on the one hand into those for chemists and those for engineers, and on the other 
‘into elementary and advanced. ‘The title page of this one says it is for students of theoretical 
and experimental physics, and one is glad to be able to endorse this. It leans on the whole 
towards the topics suitable for the ‘ chemistry ’ compartment of the above classification, 
but is really written with the outlook of the physicist. Its standard would be that of the 
student working for his degree. 

The book deals with the usual thermodynamic functions and their obvious applications, 
devoting a chapter of about 20 pages to low temperature; here the Linde and Claude types 
-of liquefier are sketched, higher order phase changes are discussed, the demagnetization 
technique of cooling is described, and the measurement of temperatures below 1° k 
considered. 

Within its range the book is careful, accurate and easy to read. ‘The author has chosen, 
however, to eschew all mention of the statistical mechanical approach, and this occasionally 
makes the treament both obscure and incomplete, particularly when dealing with the laws 
of radiation. Possibly he envisages a companion volume to deal with this aspect. If so, 
we shall welcome it. J. H. A. 


The Theory of Relativity, by C. Mouirr. Pp. xiit+386. (Oxford: University 
Pieces 12.) 525; 


Professor Maller writes that this ‘is primarily a textbook for students of physics 
whose mathematical and physical training does not go beyond the methods of non- 
relativistic mechanics and electrodynamics’’. He is presumably following the continental 
usage in which ‘physics’ is taken to include what we in this country usually distinguish 
explicitly as mathematical physics or, still quite commonly, as applied mathematics. 
Students of other kinds of physics would scarcely have time or inclination to read a book 
on this subject of nearly 400 pages containing quite a lot of rather heavy mathematics. 
In any case, their requirements in this subject are for a grasp of its basic principles and 
aims and then for certain fairly simple formulae in special relativity which they do have to 
_apply in various parts of their work. ‘These, in the reviewer’s expectation, they will not 
-readily find in the present book. All that they need does seem to be there, but it is not 
-easy to pick out and the author does not give them much guidance in looking for it. 

As for the student of mathematical physics, it is very difficult to assess what he would 
-get by working unaided through this book. Professor Moller states that it is “ an extended 
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version of a course of lectures’ which he has given during the last twenty years. One- 
must conclude that he has found this presentation to have successful results. But one 
considers that such results would still require some lectures, as well as the reading of © 
the book, if only to supply the right distribution of emphasis which does seem to be lacking 
in the printed version. : 

A good presentation of a subject like special relativity or general relativity ought to give 
it a certain form as a whole. There are admittedly several possible forms to choose from 
depending on the point of view and mathematical treatment which may be adopted. But 
one believes that the student ought to acquire an appreciation of, and a feeling for, one 
such form, before he is asked to think very much about either the foundations of the subject 
or about other possible forms. Otherwise he probably never will see the subject as a whole 
nor be convinced that it is worth while thinking about these other matters. At any rate 
in the judgment of the present reviewer, Professor Mgller’s treatment is somewhat lacking 
in this essential regard. If so, it is probably only because he tends to be overconscientious 
about the trees and so does not sufficiently often re-call. attention to the existence of the 
wood, particularly those tracts of it that he outside his present exploration. 

On the other hand, any reader who has already got some adequate general conception 
of relativity theory in one of its existing standard presentations will find here much valuable 
material of all kinds. Some of it will stimulate his thoughts about the foundations. This 
is particularly true of Chapter VIII on the foundations of the general theory, with its 
treatment of what is really Mach’s principle (though, so far as I have noticed, Professor 
Moller does not say this and does not mention Mach in either of his two indexes), and with 
its interesting treatment of a rotating frame of reference (though the notion of “ standard 
measuring rods’ and ‘ standard clocks’ seems to need more examination). _ Some of it 
will provide him with alternative formulations of important sections of the subject ; here, 
particular attention may be drawn to Professor Mgller’s stress upon the physical difference 
between space and time and his frequent use of vectors and tensors in 3-space instead 
of 4-space. Some of it will acquaint him with useful generalizations of particular results 
as, for instance, the most general Lorentz transformation given in §13. Also Professor 
Moller includes a number of important results that have not found their way into most 
other textbooks on the subject, such as certain variational principles and such as the 
‘ Thomas precession ’ treated in § 22 (though Thomas is among the several authors whose 
initials have been arbitrarily changed for the purposes of this book !). 

In a work intended for physicists, it is strange to find that the physical interpretation 
of some of the results is not given more attention. For instance, there is a well-known. 
interpretation of the gravitational red-shift which does not seem to be mentioned. Also 
the description of the situation as regards the three ‘ crucial tests’ of general relativity 
is not up-to-date. What interests relativists is that the one test, concerning the advance 
of the perihelion, that does not depend upon radiation-properties seems to give satisfactory 
results (particularly in the work of G. M. Clemence, not mentioned in the book), whereas 
the other two that do depend upon radiation-properties are still in doubt. Contrary to 
what is said on p. 348, the “‘ agreement with the observations ’ in the case of the Einstein 
red-shift is altogether uncertain. 

In spite of the criticisms to which it is open, the book is a notable addition to the literature 
of relativity theory. Anyone concerned with any part of the subject to which Professor 
Moller has devoted particular attention will certainly find that he has something highly 
illuminating to say about it. W. H. MCCREA. 


Valence, by C. A. CouLson. Pp. x+338. (Oxford: University Press, £9525) 
Masi 


The publication of Professor Coulson’s new book is something of a scientific event. 
In spite of the great strides which theoretical chemistry has made since the advent of 
wave mechanics there has been no book in the English language to which the student 
could refer for a clear and authoritative introduction to the modern valency theory. Ina 
theoretical discipline largely based on mathematical approximations a little learning is 
more than usually dangerous for two reasons : first, it tends to divide chemists into watring 
camps, each supporting those theoretical ideas with which they are more familiar and 
suspecting or openly condemning methods which they do not really understand; secondly 


Reviews of Books 1073 


the concepts of theoretical chemistry can only bear fruit in new discovery if they are used 
with critical discrimination based on a careful study of the different methods of approach 
and the relation between them. As Professor Coulson says in his preface, the subject 
matter of valency has been, and still is, changing rapidly as befits a living discipline, and 
the tremendous growth of the subject has led pessimists to the view that valency theory 
is too large a subject to be compassed at the student level in a single volume. However, 
if the student cannot now be led across the gulf between empirical chemical theory and an 
understanding of quantum chemistry, there is little ground for hoping that he ever can. 

Physical chemists, therefore, have every reason to be grateful to one of the world’s 
leading authorities, who is also a master of clear exposition, for accepting this challenge. 
Professor Coulson’s book succeeds admirably in its intention, which is to give the student 
a balanced and intelligible account of the modern theory of molecular structure. The 
author’s aim is to show how the two principal techniques of quantum chemistry, the 
molecular-orbital method and the valence-bond method, have been used to account for 
the principal rules of valency, and to solve problems which were beyond the scope of the 
older electronic theory. The necessary wave-mechanical theory is developed with admirable 
clarity right from the beginning, and is applied not only to diatomic and polyatomic molecules, 
but to aromatic systems and metals as well. And the treatment is by no means a bare outline. 
Where another author would have yielded to the temptation to say “‘ It can be shown by 
quantum-mechanical arguments that ...”’, Professor Coulson gives the details, sometimes 
in small print, but keeping nothing except the bare arithmetic up his sleeve. Another 
refreshing feature of the book is its complete freedom from partisan opinion. As the author 
explains, both the two main methods of quantum chemistry are now sufficiently well 
understood for us to recognize the folly of trusting to either alone. Having made important 
-original contributions to both valence-bond and molecular-orbital theory, Professor Coulson 
is in an almost unique position to make a fair comparison of the two approximations. 

In a book of three hundred and thirty pages it would be unreasonable to expect anything 
like an exhaustive survey of structural chemistry, and a selection of material is inevitable. 
Most of the discussion is rather general in character, and the author has, quite rightly, 
attempted to avoid controversial issues in the main body of the book. (The twelfth and 
last chapter differs from the rest in that it deals with topics such as hyperconjugation and 
hindered rotation where current opinion is by no means unanimous, and where further 
progress is to be expected in the future). ‘The compounds which are chosen for illustration 
are chiefly those of the light elements, notably carbon, as atoms of small atomic number 
are in some ways easier to understand than heavier atoms, and consequently more 
theoretical work has been done on them. One does feel, however, that a little more space 
might have been found for drawing attention to some of the less well understood structural 
facts of inorganic chemistry. ‘The complexes of the transition elements, for example, show 
a number of puzzling features whose understanding may well require some new theoretical 
ideas. We may hope that these will be forthcoming when the next edition of the book 
appears. 

The presentation is admirable and reveals the hand of an experienced teacher. The 
arguments are well signposted, and the mathematics is never allowed to obscure the physical 
ideas. There are plenty of diagrams to help the more geometrically-minded, and enough 
tables to remind the reader of the magnitudes which are under discussion. ‘The book will 
be indispensable to all chemists who are interested in the foundations of their subject, and 


to all physicists who wish to learn about the application of physics to chemistry. 
H. C. LONGUET-HIGGINS. 
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ABSTRACTS FOR SECTION B 


On the Design of a 15 MeV B-Ray Spectrometer, by R. L. GraHam: and 
OQ. KLEMPERER. 


ABSTRACT. ‘The design of a lens spectrometer with respect to economy in power 
consumption and copper weight, resolving and collecting power has been studied by small 
scale experiments. The construction and performance of a large f-ray spectrometer is 
described which focuses 15 Mev electrons when its coil is energized by 50 amp at 360 volts. 
The coil is cooled by a flow of 12 gallons of water per minute. Maximum resolution and 
collecting power of the spectrometer are 0:8°% and 0-6% respectively. The influences of 
spherical aberration, source and window size on the resolution of the thick lens spectrometer 
are discussed. 


The Wave Aberration Associated with Skew Rays, by H. H. Hopkins. 


ABSTRACT. It is shown that invariant foci exist for skew rays, and simple formulae 
are obtained for the change in aberration relative to those foci due to refraction or reflection 
at an interface. ‘The formulae are valid for any form of interface. Expressions for focal 
shifts are obtained together with check formulae. 

‘The method makes possible the analysis of the aberrations along skew rays as they arise 
at individual surfaces. 


Ultrasonic Absorption in Mixtures of Ethyl Alcohol and Water, by L. R. O. Storey. 


ABSTRACT. ‘The pulse method has been used to measure the absorption of ultrasonic 
waves in mixtures of ethyl alcohol and water at the three frequencies 22:5, 37:5 and 
52-5 Mc/s and at the temperatures 0°, 10° and 25°c. The results confirm the findings 
of earlier workers that in both the pure liquid and the mixture there is more absorption than 
can be explained by the classical mechanisms of viscosity and heat conduction. When the 
composition of the mixture is varied a maximum of absorption is found for a mixture 
containing 20 to 30 molar per cent alcohol. The magnitude of the absorption at the 
maximum increases rapidly as the temperature is lowered. Over a range of compositions 
in the neighbourhood of the maximum the value of «/f? (a is the absorption coefficient and 
f the frequency) is found to decrease as f increases. 

It is known that the extra absorption in the pure liquids can be explained in terms of a 
compressibility with a finite relaxation time, but this mechanism alone cannot account for 
the behaviour of the mixture. It is suggested that here the additional absorption is due to 
interaction between the molecules of the two components, leading to the partial develop- 
ment of a structure or complex in the liquid with a composition of four molecules of water to: 
one of alcohol. The thermal properties of the mixture indicate that such interaction occurs, 
and the suggestion for the composition of the complex is supported by the fact that the 
freezing-point curve for the mixture shows that a structure with this composition is formed 
in the solid phase. 

The extra absorption found by other workers in several similar mixtures can be explained, 
at least qualitatively, in the same way. 


Crystal Structure and Antiferromagnetism in Haematite, by B. 'T. M. WILLIs and 
H. P. Rookssy. 


ABSTRACT. The crystal structure of haematite has been investigated by x-ray analysis 
in the temperature range 20°c to 950°c. On _ cooling through a temperature of 
approximately 675°c the rhombohedral unit cell undergoes a sudden expansion along the 
triad axis direction. "The results are interpreted in terms of an antiferromagnetic behaviour 
of pure haematite, with a Curie point at approximately 675°c. it is shown that the 
behaviour is analogous to that of the cubic oxides FeO and Fe;O,, which exhibit structure 
cell deformations on cooling through certain critical temperatures. : 
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The Thermal Oxidation of Tin, by R. K. Harr. 


ABSTRACT. Electron diffraction experiments show that when tin foil is thermally 
oxidized in air an amorphous oxide layer is formed at temperatures up to 130°c. Above 
130°c only crystalline SnO and SnO, are formed. 


Accommodation Kinking Associated with the Twinning of Zinc, by A. J. W. Moore. 


ABSTRACT. Small changes of slope on cleavage surfaces of zinc single crystals have 
been measured by a stylus type profile recorder (Talysurf) and compared with photo- 
micrographs of the same areas. Lattice bending through angles up to approximately 
0° 47’ which relieves the localized shearing stresses due to twinning has been observed. 

Other examples show firstly one twin with two associated accommodation kinks, and 
secondly a twin and its associated kink band occurring within the kink band associated 
with a second parallel twin. . 


Transistor Action in Lead Telluride, by C. A. HoGarTu. 


ABSTRACT. ‘Transistor action has been observed in single crystals of lead telluride, 
examined at 90° K. Properties of the units are described and it is found that values of 
current gain greater than unity may be observed. 


Electrode Phenomena in Transient Arcs, by J. M. SomMeERvILLE, W. R. BLEVIN 
and N. H. FLETCHER. 


ABSTRACT. High current, short duration arcs between various metals in air have been 
studied by means of a Kerr Cell camera and by observation of the marks left on the electrodes. 
Growth of these marks with arc duration is discussed and shown to be due to heat conduction 
in the case of the anode marks and to motion of the emitting areas in the case of cathode 
marks. Cathode spot temperatures are frequently too low for thermionic emission even on 
metals of high boiling point. At very high rates of current rise both anode and cathode 
marks are multiple. 


The Measurement of the Angular Diameter of Radio Stars, by F. G. SMITH. 


ABSTRACT. A new method of using interferometers to measure the diameters of radio 
stars is described. ‘The method is based on the use of the phase-switching system, and has 
several practical advantages over previous methods. 

Measurements which have been made on the radio star (23.01) in Cassiopeia, indicate 
that the radio star has an angular diameter of about 5’ arc, the exact value depending on the 
‘distribution of brightness across the star. A gaseous nebula reported by Baade, in the same 
position as the radio star, has about the same diameter. Some measurements have also been 
made on the radio star (19.01) in Cygnus, and this star appears to have an angular diameter 
of about 34’ arc. 


Tropospheric Wave Propagation in a Duct of Non-Uniform Height, by H. G. Hay 
and R. 5. UNwIN. 


ABSTRACT. This paper describes an approximate method for extending the simple 
mode theory of tropospheric refraction (Booker and Walkinshaw 1947) to cover situations 
where the refractive index profile varies with range. ‘The transmission path is divided into 
a number of zones, in each of which the variation in the refractive index profile is small. 
In each zone the profile is then taken to be independent of range, and given by the mean 
profile throughout the zone. ‘The duct-width d and the lapse-rate of modified refractive 
index at infinite height «,, are found for each zone and are used, together with published 
propagation curves, to evaluate the distribution of radio field strength in the region beyond 
the horizon of a transmitter. Although the method is a general one, the final formula refers 
specifically to situations in which the field can be adequately described by the first mode 
alone, and where the mean profile of refractive index in each zone may be represented 
analytically by a one-half power law curve. 

An example of the application of the method to a practical situation is given. This shows 
good agreement between experiment and theory, and demonstrates the significant effect of 
changes in the refractive index profile on the level of field strength. The limitations of the 
method are pointed out, and its extension to cover other types of refractive index profile and 
higher order modes is outlined. 
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Abstracts—Section B. 79, oO 23d 303% 3835405, 574, 680, 770, 866, 963, L075 
Alkyl shifts in absorption spectra of azulene and other aromatic molecules : see 38 
Alloys, lead—bismuth, heat transport : ‘ 3 518 
Angular distribution oF elastically scattered denterone and Aisinteatation peDion: from 
bombardment of beryllium by 7:7 mev deuterons. : 64 
Alpha-particles, long-range, angular distribution from Domibardenane a: orem i 
by protons. : ; : : : , , LAS 
Altitude variation of pencranng showers ; : : : : ; : : 702 
Alums, anomalous dielectric loss in . : : ; 3 289 
andi distribution of y-radiation following a Healy eeon ponte reaction . : 980 
Angular distribution of y-radiation from aligned nuclei : ; 791 
Angular distribution of long-range alpha-particles from bombardment a herent i 
by protons. : Be eis) 
Angular distribution of pesee red meeieonas in high: energy nelear Belles : : 245 
Angular distribution of synchrotron target radiation . yy) 
Angular distributions, formulation of /-decay theory for foridden transitions of 
arbitrary order : 5 eo 
Angular distributions of parle groups fon dente porbeccdeiene of neon ay ey? 
Anisotropy, diamagnetic, of large aromatic systems : [V—polyacenes . 839 
Anticoincidence experiment on cosmic rays at depth of 50 metres water contacter’ (L) 556 
Antiferromagnetism and ferrimagnetism (7th Holweck Lecture) . : ; 5 869 
Antiferromagnetism by the spin wave method: I—energy levels ; : : 540 
Antiferromagnetism by the spin wave method : I]—magnetic properties ‘ : 548 
Argon, energy per ion pair, with small admixture of other gases (L) : : 859 
Aromatic systems, large, diamagnetic anisotropy : [V—polyacenes : : : 839 
Auroral bands, infra-red, Meinel’s . : : ; ; : F : . SZ. 
Auroral radiation, experiments on production . : : ; : ; eo 
Band, see also 'Two-band 
Band picture, energy of Bloch wall (L) . ‘ ‘ : : : : 5 NOS 
Bands, (0,0) and (0,1), of “Il +72 system of manganese deuteride, rotational 
auniyaa f : ; ; F : 7 5 4 115 
Bands, auroral, see Apeor bands 
Band structure, electronic, see Electronic band structure 
Band systems, CH, excitation and intensity distribution, in flames ‘ 3 5 aS 
Band system, near ultra-violet, (D—x), of silicon monosulphide _. ; ee 
Band systems of diatomic molecules, intensities, and vibrational overlap pieoral : 965 
Band systems of nitrogen, transition probabilities (L) , , : ; : DDS 
Band-systems of O, and O,”*, intensities (L) . ; 858 
Beryllium, bombardment by 7:7 Mev deuterons, angular chetabeeon of Blevicale 
scattered deuterons and disintegration protons . : . : : ; 64+ 
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Beryllium, *Be, decay of 2-4 Mev level (L) 
Beta-decay icons formulation for forbidden eanetions of arbitiery eee 
I—selection rules and energy spectra 
IJ—angular distributions 

Beta-disintegration, double, experimental investigation of stability of mace peas) 

Beta-spectrograph, magnetic prism, of high resolution, construction and testing 

Betatron, experimental determination of spectrum 

Bloch wall, energy of, on band picture (L) ; 

Bombardment of beryllium by 7:7 Mev deuterons, angular dietabution an elnsticully 
scattered deuterons and disintegration protons : 

Bremsstrahlung, intensity distribution, from beta-rays (L) . 


Carbon, !C, 7 Mev level (L) 

Cascades, nucleon, solution of fluctuation prowienat in fanie ighepthek 

Cascade theory, electron—photon, combinatorial problem : 

Cascade theory, fluctuation problem 

Cascade theory, nucleon, solution of fuceaation problea fornaecneane pucleas 
matter . F 

Cellular method of dewnraning slectomien wave Mancsons ae cigenvainest in eryatale 
with applications to sodium 

Classical theory of compressibility 

Collisions, inelastic, of electrons with atoms, strong comping 

Colloidal suspensions, electrical effects due to sound waves 

Combinatorial problem in electron—photon cascade theory (L) 

Combinatorial problems, use of random parameter 

Compressibility, classical theory 

Conduction electrons in bismuth, mean fee eee (L) 

Conduction in metals, theory (L) : 

Conduction problems, kinetic formulation (L) .. 

Conduction, two-band effect ; 

Conductivities, electrical, see Electrical conducnvities! 

Conductivity, thermal, see Thermal conductivity 

Conversion lines of Rac. C”, internal, fine structure . ; 

Copenhagen Meeting, Report of Conc! peas of inteenaneaal Union ne Bee 
and Applied Physics 

Copper Tutton salts, poeeacdoe resonance and apacerice tgatior dae 

Corrigendum, see de Author Index 

Cosmic radiation, «-mesons, possible effects : 

Cosmic radiation, theory of angular and lateral Spread of pucleoys component 

Cosmic-ray bursts at small thicknesses of lead, transition effect 

Cosmic-ray particles, energetic increase of lonizaaen with momentum . 

Cosmic-ray protons at sea level, differential momentum spectrum (L) 

Cosmic rays, anticoincidence experiment at depth of 50 metres water equivalent 

Cosmic-ray showers, extensive, structure . ; 

Coulomb scattering of electrons, radiative correction . 

Counter, see Scintillation counter 

Counters, Geiger and Se Laisa comparison for intensity measurements in 
x-ray diffraction (L) ; 

Coupling, spin-orbit, in D—D reaction (L ) 

Coupling, strong, in inelastic collisions of electrons with atoms 

Cross section, see under Neutron; Pair production 

Crystalline aggregate, elastic Gohanois 

Crystalline electric field, trigonal, cupric ion (L) 

Crystalline overgrowths, oriented 

Crystalline substrates, oriented deposits 

Crystal parameters of beryllium 5 

Crystal, single, diffuse reflection of neutrons (L) 

Crystals, eigenvalues and electronic wave functions, eellilars metiod of deiurintaes 

with applications to sodium . 


215 
689 
925 
437) 
558 
556 
258 
145 


14 
949 
845 


349 
667 
1040 
33 
294 
857 


355 


Subject Index 


Crystals, insulating, structure of long wave absorption edge 
Crystals, relation between photo-elastic properties and Raman effect 
Cupric ion in trigonal crystalline electric field (L) 

Cyclohexane, solid, proton magnetic resonance in (L) 

Cyclotron, dissociation of molecular hydrogen ions 


Decay of 2-4 Mev level in °Be (L) 

Decay scheme of 1°8Sm (L) 

Decay schemes of !°4Sm and !55Eu . 

Decay, **°U, internal conversion electrons (L) 

Density of states curves for the 3d electrons in nickel . : 

Deuteron bombardment of neon, angular distributions of particle eens 

Deuteron ground state, range of tensor forces in 

Deuteron production in collision of high energy neutrons with nueiel 

Deuterons, elastically scattered, and disintegration protons, angular diseiburon 
from Pombarinent of Saline by 7:7 Mev deuterons 

Deuteron stripping reaction, angular distribution of y-radiation following 

Deuteron stripping reaction with aluminium (L) 

Diamagnetic anisotropy of large aromatic systems : [v_polvacenes 

Diatomic molecules, intensities in band systems, and vibrational overlap mateo 

Dielectric loss, HARASS in some of the alums 

Dielectrics, mechanical action in 

Diffraction, see X-ray diffraction 

Diffusion flames, spectroscopic investigation into structure . 

Disintegrations, see Nuclear disintegrations 

Dissociation energy of SnO ; ; 

Dissociation of molecular hydrogen ions in eiclewron. : 

Distribution, angular, see Angular distribution 

Distribution, momentum, see Momentum distribution 

Domain structure of silicon—iron crystal ; 

Domain, surface closure, by powder pattern technique 

(d, t) reactions, theory 


Einstein’s unified field theory . F 

Elastic behaviour of a crystalline aggregate 

Electrical conductivities of monovalent metals, theory: 

Electrical effects due to sound waves in eallniasl suspensions 

Electric field, trigonal crystalline, cupric ion (L) 

Electrolyte, 1- 2, parallel plates in, free energy of double iavers 

Electron capture—I : resonance capture from hydrogen atoms by nae protons 

Electron diffraction, use of gold leaf as reference material in determination of lattice 
constants ; 

Electron (ee onaenetan, collective, Ghee ane spin dereneracy 

Electronic band structure in boron nitride 

Electronic band structure in graphite 

Electronic wave functions, see Wave functions 

Electron—photon cascade theory combinatorial problem (L) 

Electrons, see also Conduction electrons 

Electrons, bound, coherent scattering of gamma-rays by 

Electrons, coulomb scattering, radiative correction 

Electrons, 3d, in nickel, density of states curve . é 

Electron-sensitive emulsions, shielded, origins of Background tacke (L) 

Electrons, fast, scattering by nuclei . 

Electrons, internal conversion, from ***U decay (L) 

Emulsions, shielded electron-sensitive, origins of background ache (i ) 

Energy, see also Neutron energy 

Energy of a Bloch wall on band picture (L) 

Energy, dissociation, see Dissociation energy 
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Energy, free, of double layers of two parallel plates in 1—2 electrolyte 

Energy level, new, in *Li : ; § ° 

Energy levels, puvleds regularities 

Energy per ion pair for argon with small nartiaeise af other gases Ly 

Energy spectra and selection rules for formulation of /-decay theory for forbidden 
transitions of arbitrary order : 

Equations of motion and coordinate condition in general Lee tee 

Europium, !°°Eu and !°!Sm, decay schemes 

Excitation and intensity distribution of CH bands in Ames 

Extensive showers, structure 


Ferrimagnetism and antiferromagnetism (7th Holweck Lecture) 

Ferromagnetic resonance, line widths : 

Ferromagnetism, collective electron, theory, and spin ‘deseneiacy 

Ferromagnetism, Zener’s treatment (L) 

Field theory, unified, Einstein’s 

Films of non- meelie antimony, properties 

Fission, spontaneous, of thorium, neutrons from sD 

Flame temperature, spectrum uve reversal method of measuring . 

Flames, excitation and intensity distribution of CH bands 

Piticenation problem in cascade theory 

Fluctuation problem, solution in finite absorber fot pues tanuades ; 

Fluctuation problem, solution in nucleon cascade meer? ed neces 
matter 

Forbidden nature of reaction Li (y, D) tHe fog y-rays a energies up to 17: 6 Mev (L) 

Frequencies, vibrational, limiting, of ionic lattice : ‘ : : 

Frequency spectrum of two-dimensional ionic lattice . 


Gamma-radiation from aligned nuclei, angular distribution , 
Gamma-radiation, angular Cee toiten following a deuteron Sa ee reaction 
Gamma-rays, coherent scattering by bound electrons 
Gamma-rays of energies up to 17-6 Mev, forbidden nature of feaction STi ”, D) ‘He (L) 
Gases, dissolved, effect on tensile strength of liquids . : 
Caen counters, see Counters 
Gold leaf as reference material in determination of lattice constants by electron 
diffraction : : : : ‘ 2 ‘ 
Graphite and related Sgn sencieet I—electronic band structure in graphite 
IIl—momentum distribution in graphite 
I{I—electronic band structure in boron nitride 
Gravitational field, Einstein, quantization : general treatment 
linear approximation 


Heat transport in lead—bismuth alloys 

Helium, gaseous, diffusion at low temperatures (L) 

Helium, *He ions, fast, artificial activity induced in carbon (L) 
Helium, liquid, see iauid helium 

Helium II transfer on metal surfaces (L) . 

Holweck Lecture, 7th : Antiferromagnetism and ferris one 
Hydrogen atoms, resonance capture from, by fast protons 
Hydrogen ions, molecule dissociation in cyclotron 

Hydrogen molecule, polarizability 


Infra-red absorption by metals at low temperatures 
Infra-red auroral bands, Meinel’s : 

Intensity distribution of bremsstrahlung from betsy -rays (L) 
Internal conversion lines, see Conversion lines 

Tonic lattice, limiting vibrational frequencies 


Subject Index 


Tonic lattice, two-dimensional, frequency spectrum F 

Ionization increase with momentum for energetic cosmic-ray vipericles : 

Ionization in oxygen by px-mesons (L) 

Ionization, relative, produced by low energy protons dedtetens pal a= apatiicles in 
various gases . 

Isotopes, gold, radioactive 


Jastrow’s interaction and elastic scattering of high-energy protons 


Kinetic formulation of conduction problems (L) 
Krypton, **Kr, investigation of radiations succeeding emer Soe (L) 
Krypton, “*Kr, possible existence of nuclear level preceding metastable state (L) 


Lattice constants, determination by electron diffraction, gold leaf as reference 
material : 

Lead, ?°8Pb, theoretical meme to Predict excited states bof facie: in TnciphBouriood of 

Tevele: ‘extra’, in rare earth salts (L) 

Line widths in ferromagnetic resonance 

Liquid helium, a new theory 

Liquid helium I, thermal conductivity 

Liquid helium IJ, relationship between Landau ek Aoncione ieee Prodels 

Liquids, effect of dissolved gases on tensile strength 

Lithium 6, structure : 

Low-energy protons, see Protons 

Low temperatures, infra-red absorption by metals 

Low temperatures, thermal conductivity of metals (L) 

Low temperatures, thermal conductivity of metals : I—elements of groups 1, 2 and 3 
IJ—transition elements 

Low temperatures, thermal conductivity of some polycrystalline solids at 

Luminescence decay of ZnS.Ag, further evidence for the Lord—Rees—Wise theory . 


Lutecitum monoxide, spectrum 


Magnetic moment, nuclear, of “AU 

Magnetic properties of rare earth ions, matrix Sages sl epee coumalents 

Magnetic resonance, see also Proton magnetic resonance 

Magnetism, some post-war developments (Presidential Address) . 

Magnetization, discontinuities in variation, with temperature 

Manganese deuteride, 71] + *% systems, rotational analysis of (0, 0) and (0, 1) ands 

Mass difference of sulphur 32 and chlorine 35 

Matrix elements and operator equivalents connected ath eenette Dooce: of 
rare earth ions : 

Mesons, «, in cosmic EAdiatOne PIS eiteets : 

Mesons, pdiGed definition of Riesz potential 

Mesons, p-, ionization in oxygen (L) : 

Mesons, px-, slow, and photons, nuclear disintegration By 

Mesons, 7-, neutral nature (L) 

Metals, conduction in, theory (L) 

Metals, resistance of, 9 values (L) 

Metals, thermal conductivity, at low seaperaman te (L) 

Metastable state in **Kr, investigation of radiations succeeding (L) 

Metastable state, in **Kr, possible existence of nuclear level preceding (L) 

Methane, photo-ionization cross section 

Molecular motion, and proton magnetic resonance in Bolids 

Moment, nuclear, electric quadrupole, of erbium 167 

Momentum distribution in graphite : 

Momentum spectrum, differential, of cosmic-ray eros at sea ad (L) 

Monovalent metals, theory of electrical conductivities 

Multiple scattering measurements, utilization 


1081 


PAGE 
109 
437 

68. 


233: 
945 


972 


458 
450) 
449 


2D 
773 
954 
149 
619 
511 
490 

46 
661 


532 
562 
385 
388 
1029 
291 
151 


250 
209 


Sil 
325. 
115 
1006. 


209: 
215 
930 
68. 
995. 
670) 
561 
71 
562 
450 
449 
663 
894 
760 
825 
558 
188 
640 


1082 Subject Index 


Neutron absorption cross section, pile, of lead 206 and 207 (L) 

Neutron capture cross section, eee or fone) 

Neutron energy measurements with helium 3 filled piopemonslic counter rid) 5 
Neutron flux and spectrum measurement (L) ; 

Neutron production, high-energy analysis 

Neutrons, d—d, organic scintillators response 

Neutrons, diffuse reflection from a single crystal Gon 

Neutrons from spontaneous fission of thorium (L) 

Neutrons, high energy, deuteron production in collision with facie! 
Neutrons, slow and fast, response of Nal scintillation counter (L) 

Neutrons, spontaneous ae determination of rate of emission by natural uranium 
Neutrons, very slow, inelastic scattering by iron 

Neutron total cross sections 

Nitrogen-14 nuclei, photo- disinceeration, 

Non-metallic antimony, properties of films 

NS, spectrum (L) . 

Nuclear collisions, high-energy Pana tat diseieadon of sentteted nucleons 
Nuclear disintegrations by slow negative w-mesons and photons 

Nuclear electric quadrupole moment of erbium 167 (L) 

Nuclear energy levels, regularities 

Nuclear evaporation, elatistical Rucuaton 

Nuclear level, possible existence in **Kr, Oe mictastaiile state (L) 
Nuclear magnetic moment of 1°7Au 

Nuclear processes, polarized, time reversal (L) . 

Nuclear reaction +He (a, n) *Be, search (L) 

Nuclear spin of vanadium 50 (LL). 

Nuclear spins of ®®Ru and !°!Ru (L) 

Nuclear spins of samarium 147 and 149 (L) 

Nuclei, aligned, angular distribution of y-radiation 

Nuclei excited states in neighbourhood of ?°8Pb, theoretical Pe ae to meedice 
Nuclei scattering of fast electrons 

Nuclei, scattering of positrons, by (L) 

Nuclei, stability against double beta-disintegration experiential investigates. 
Nucleon cascade theory, see Cascade theory 

Nucleon component of cosmic radiation, theory of angular and lateral spread 
Nucleons, scattered, angular distribution in high-energy nuclear collisions 


Obituaries 

Operator pouialent see Matti blomments: and operate Sani alene. 
Oriented crystalline overgrowths 

Oriented deposits on crystalline substrates 

Overlap integral, see Vibrational overlap ed 

Oxygen, ionization by p-mesons (L) 

Oxygen—O, and O,"*, intensities in band-systems yt 


Pair production cross section, relative, at low energies (L) 
Parallel plates in 1-2 electrolyte, free energy of double layers 
Paramagnetic resonance in ferric rubidium sulphate alum (L) 
Paramagnetic resonance in potassium chromicyanide (L) 
Paramagnetic resonance in potassium ferricyanide (L) 
Paramagnetic resonance and spin-lattice relaxation times in copper Tuten cals 
Paramagnetism of samarium ethyl sulphate, theory (L) 
Parameter, random, use in combinatorial problems 
Parameters of partially degenerate semiconductors (L) 
Parameters see also Crystal parameters 

Particle beams, polarized 

Penetrating shower altitude variation 

Penetrating showers, local, from water and Rakhi (L) 
Photo-disintegration cross sections, multiple resonances (L) 
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Photo-disintegration of nitrogen-14 nuclei : : 5 PO 
Photo-disintegration of 1®O nuclei in four «- Eaatticiess resonance efects (L) , oe) oasis! 
Photo-elastic properties and Raman effect in crystals ‘ ; : : : 38 
Photo-electron lines of thorium (B-+C), re-investigation . i : 3 . 344 
Photo-ionization cross section of methane ; P 3 ‘ ; OOS 
Photons, and slow -mesons, nuclear disintegration ba ; f , : ng9S 
Pile neutron absorption cross section of lead 206 and 207 (L) : F : eee Oil 
Polarizability of hydrogen molecule . : : : : é ; ; ; 178 
Polarized nuclear processes, time reversal (L)  . ; F 3 : ; a AtoZ 
Polarized particle beams : : pe LS 
Polycrystalline solids, thermal Ponductinty at ioe hemes : , : O29 
Positrons, scattering by nuclei (L) . j : : : . O72 
Post-war Revecoments: in magnetism (Presidential Wddtess) : ‘ : : ST 
Powder pattern technique, study of surface closure domains 4 ; : : 140 
Presidential Address : Some post-war developments in magnetism : F F Dye 
Probabilities, transition, see Transition probabilities 
Properties of films, see Films 
Proportional counter, helium 3 filled, neutron energy measurements (L) : . 674 
Proportional counters, see also Counters 
Proportional counters, x-ray wavelength, resolution (L) : : : 372 
Proton—gamma resonance in energy range below 500 kev, absolute aniGantiontien 5 ew 
Proton magnetic resonance and molecular motion in solids . 894 

Syl 


Proton magnetic resonance in solid cyclohexane (L) 
Protons, bombardment of boron-11, angular distribution of long-range alpha-perticles 745 
Pans. cosmic-ray, at sea level, ence momentum spectrum (L) . ; ; 558 
Protons, disintegration, and elastically scattered deuterons, angular distribution from 

bombardment of beryllium by 7:7 Mev deuterons 64 
Protons, fast, resonance capture from hydrogen atoms by 919 
Protons, high-energy, elastic scattering of, and Jastrow’s interaction . : ee 


Protons in aluminium, range—energy relation (L) 454 
Protons, low-energy, deuterons and a-particles in various gases, elatiye ionization 

produced by 233 
Protons, radiative capture in frorne (Ib), 1055 
‘Quantization of Einstein’s gravitational field : general treatment . 608 
linear approximation. : ; 161 

Radiation, auroral, see Auroral radiation 

Radiation, cosmic, see Cosmic radiation 
Radiation, synchrotron target, angular distribution 59 
Radiative capture of protons in fluorine (L) 1055 
Radiative correction to coulomb scattering of electrons 145 
Radioactive gold isotopes 945 
Radioactive isomer of '**Ho 254 
Raman effect and photo-elastic properien in eeeetale 38 
Random parameter, use in combinatorial problems 305 
Range-energy relation for protons in aluminium (L) 454 
209 


Rare earth ions, magnetic properties, matrix elements and operator equivalents 


Rare earth salts, ‘ extra’ levels (L) . 954 
Reaction ®Li (y, d) *He for y-rays of energies up to 17: 6 Mev, Seoroiigen nature oe (L) 1052 


Reflection, diffuse, of neutrons from single crystal (L) 857 

Relative ionization, see Ionization 

Relativity, general, equations of motion and coordinate condition 170 

Relaxation times, see Spin-lattice relaxation times 

Resonance, see also Ferromagnetic resonance, Magnetic resonance, Paramagnetic 

resonance 

Resonance effects in the photo-disintegration of '*O nuclei into four aw-particles (L) 758 

Resonances, multiple, in photo-disintegration cross sections (L) 671 
982 


Resonances, proton-gamma, in energy range below 500 kev, absolute determinations 
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Rhenium, !°*Re decay , 
Riesz potential for meson case, modded denation 


Rotational analysis of (0, 0) and (0,1) bands of “II —~ y Syorein of manganese 


deuteride : ; 
Ruthenium, °’Ru and !°'Ru, puicleee spins Ue. 


Samarium 147 and 149, nuclear spins (L) 

Samarium, !°'Sm and '°°Eu, decay schemes 

Samarium, '°°Sm decay schemes (L) : 
Samarium ethyl sulphate, paramagnetism theory (L) 
Scattered nucleons, see Nucleons 

Scattering, see Positrons 

Scattering amplitudes, calculation 

Scattering, coherent, of gamma-rays by pound Clecthons 
Scattering, coalonibs see Coulomb scattering 


Scattering, elastic, of high energy protons by deuterons and Jastrow’s interaction . 


Scattering of fast electrons by nuclei 

Scattering, inelastic, of very slow neutrons by iron 

Scattering measurements, multiple, utilization : : ; : 

Scattering problem, two- boay with non-central Forces: I—non-relativistic . 
IJ—relativistic 

Schumann region absorption spectrum of copper vapour (L) 

Schumann region absorption spectrum of gallium vapour (L) : 

Scintillation counter, NaI, response to slow and fast neutrons (L) 

Scintillators, organic, response to d—d neutrons , 

Second sound, velocity, derivation from Maxwell’s cceoton of oansien (L) 

Second sound, velocity in various media 

Semiconductors, note on theory 

Semiconductors, partially degenerate, parameter: of (L) 

Shifts, alkyl, see Alkyl shifts 

Showers, see Cosmic-ray showers, Penetrating showers 

Silicon-iron crystal, domain structure 

Silicon monosulphide, near ultra-violet band- Sovetcna (D-x) . 

SnO, dissociation energy 

< po! waves in colloidal suspensions, elececenl eects 


Southampton meeting of Physical Society—papers read at . : 773, 791, 801, 


Spectroscopic investigation into structure of diffusion flames 
Spectrum, see under Absorption, Energy, Frequency, Momentum, Ultraviolet 
Spectrum of betatron, experimental determination 
Spectrum-line pores method of measuring flame temperattrs 
Spectrum of lutecitum monoxide 
Spectrum measurement, and neutron flux (L) 
Spectrum of NS (L) . ; 
Spin degeneracy and theory of collects Sleoiean ferromonnecane 
Spin-lattice relaxation times and paramagnetic resonance in copper Tutton asics 
Spin-orbit coupling in D—D reaction (L) ; 
Spin wave method, antiferromagnetism : I—energy jevels 
Il—magnetic properties 
Spins, nuclear, see Nuclear spins 
Spontaneous fission, see Fission, spontaneous 
Spread, angular and lateral, of nucleon component of cosmic radiation, theory 
Stripping reaction, see under Deuteron 
Strontium—*4Sr, thermal neutron capture cross section of (L) 
Surface closure domains by powder pattern technique 
Suspensions, colloidal, see Colloidal suspensions 
Structure, domain, see Domain structure 
Substrates, crystalline, oriented deposits : 
Synchrotron, target radiation, angular distribution 
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Tensile strength of liquids, effect of dissolved gases 

Tensor forces, range, in deuteron ground state 

Thermal conductivity, anomalous, of pure metals at low ker nericures (L) 

Thermal conductivity of liquid bolic I ; : ; ; ; 

Thermal conductivity of metals at low temperatures Le elements of groups 1, 2 and 3 

IJ : transition elements 

Thermal conductivity of metals at low temperatures (L) 

Thermal conductivity of some polycrystalline solids at low temperatures 

Thermal neutron capture cross section of ®4Sr (L) 

‘Theta-values in resistance of metals (L) 

Thorium (B+ C), re-investigation of some photo- elec on ies 

Thorium, neutrons from spontaneous fission of (L) 

‘Time reversal in polarized nuclear processes (L) 

Transition effect for cosmic-ray bursts at small thicknesses of lend 

Transition probabilities of some band systems of nitrogen (L) 

Transitions, electronic, vibrational transition probabilities (L) 

‘Transitions, forbidden, of arbitrary order, formulation of B-decay theory : 

I—-selection rules and energy spectra 
I]—angular distribution 

‘Two-band effect in conduction : : ; : 

‘Two-body scattering with non-central forces I—non-relativistic 
I]—relativistic 


Ultra-violet absorption spectra of GeO, GeS, GeSe and GeTe 
Ultra-violet, near, band-system (D—x) of silicon monosulphide 
Ultra-violet spectrum of diatomic hydride (L) 

Unified field theory, Einstein’s 


Uranium, natural, determination of rate oe emission of spontaneous fasion neutrons 


Vanadium 50, nuclear spin (L) 

Variation of magnetization, see Magnetization 

Velocity of second sound in various media 

Vibrational frequencies, limiting, of ionic lattice 

Vibrational overlap integral and intensities in band systems raf Giatontic Molecules : 
Vibrational transition probabilities in electronic transitions (1) 

Virial coefficient, second, near absolute zero 


Wave functions, electronic, and eigenvalues in crystals, cellular method of determining, 
with applications to sodium 


X-ray diffraction, intensity measurements, Sues of Geiger and proportional 
counters (L) ; 
X-ray proportional counters, see Proportions counters 


1085 


PAGE 
46 
309 
Zi, 
511 
385 
388 
562 
1029 
958 
71 
344 
73 
AS2 
925 
228 
70 


801 
809 
5908 
83 
he 


Didih 
419 
373. 

$1 
203 


952 
1044 
394 
965 


1022 


7°75 


1086 


eB) 


INDEX OF, AUTHORS, “wir TITLES) " 


ase. PAGE 


Aitken, K.‘L., Littler, D. J., Lockett, E. E., and Palmer, G. H.: Pile neutron 
absorption cross sections of lead 206 and oe (L) 


Allen, R. A., Beghian, L. E., and Calvert, J. M.: Response of organic Ae sroast - 


to d—d neutrons (L) 


Amaldi, E., Castagnoli, C., Seat, Se rare Gist. A. RU aniicoineidenee experniien ‘L 


on cosmic rays at a depth of oh metres water equivalent (GW) 


Andrew, E. R., and Eades, R. G. : Proton magnetic resonance in solid cyeloheane 


(L) : : : 
Arai, T., see Ishiguro, E. 
Arndt, V. W., and Riley, D. P.: Comparison of Geiger and proportional counters 
for intensity measurements in x-ray diffraction (Letter) : : 
Ashmore, A., and Raffle, J. F.: New energy level in ’Li (L) 


Bagguley, D. M. S., and Griffiths, J. H. E.: Paramagnetic resonance and spin— 
lattice Peleeaton times in the copper Tutton salts : 5 ‘ : 

Baker, J. M., and Bleaney, B.: Nuclear spin of vanadium 50 (L) 

Bannerman, R. C.: An investigation of the decay scheme of *Sm (L) F 

Barclay, R. F., Galbraith, W., and Whitehouse, W. J. : Neutrons from the spon- 
taneous fecion of BR res (L) 

Barrett, P. T.: ®%Kr—an investigation of the eNdunionis succes ihe moetastaule 
state c 

Barrow, R.F. I., see We A. D. 

Barrow, R. F., Dawe. A. R., and Land, R. K.: The spectrum of NS (L) 

Barrow, R. F., see Dacor, G 

Barrow, R. F., see Lagerqvist, A. 

Barrow, R. ane see Welti, D. 


Batchelor, R.: Neutron energy measurements with a helium 3 filled proportional . 


counter (L) ‘ ; 2 ; Mi et F : ; 
Bates, D. R., and Daleacie: a Electron capture—I : Resonance capture from 
hydrogen atoms by fast protons 
Bates, L. F. :: Some post-war ee tee in Meacheden, (Presidential Address) 
Bates, L. in and Mee, C. D.: The domain structure of a silicon-iron crystal 


Bates, L. F., and Mee, C. D.: A study of surface closure domains by the BOWES : 


pattern technique . 
Becker, J., Chanson, P. DNaseaue E, veils P., Price, B ae one Rothwell P 
The increase of oniaation with i oan for energetic cosmic-ray particles 
Beghian, L. E., see Allen, R. A. 


Berman, R.:; The fennel conductivity of some polycrystalline solids at low 


or wane 
Bhatia, A. B. On the hea of clecrieal congucuyiies of monoeslent mee 
Discard, Ke M. Internal conversion electrons from the **°U decay (L) 
Blackman, M. fon the limiting vibrational frequencies of an ionic lattice 
Blackman, M. : by note on oriented crystalline overgrowths : 
Blakemore! J.5.: The parameters of partially degenerated semiconduerers ; 
Bleaney, B.: see Baker, Vo IMAL 
Bleaney, B., and Donn! K. D.: The cupric ion in a trigonal crystalline electric 


field (L) ; d : ; ; ; 
Bleaney, B., and eet, 1D). l. E. 1s Patanndanietls resonance in potassium ferri- 
cyanide (L) ‘ ; ‘ é : P : : 2 
Bleaney, B., and Trenam, R. S.: Paramagnetic resonance in ferric rubidium 


sulphate alum (L) 
Blin-Stoyle, R. J.: A note on time reverent in polarized auslear processes 
Blin-Stoyle, R. J. : Spin-orbit couplings in the D-D reaction (L) 
Blin-Stoyle, R. J., see Spiers, J. A. 


Index of Authors (with Titles) 


onic. G. S., Duffus, H. J., and Scovil, H. E. D. : The nuclear electric quadrupole De 


moment of erbium 167 (L) : 
Bogle, G. S., and Scovil, H. E. D. aNoclsat spins an samarium 147 ond 149 (L) 


Booth, F., ay Enderby, J. A. On electrical effects due to sound waves in colloidal 


suspensions : ; : 3 

Bowers, K. D.: Patraacncuc resonance _ porasciun chromicyanide (L) 

Bowers, K. D., see Bleaney, B. 

Bowers, R. : The thermal conductivity of liquid helium I . 

Bowey, E. M., see Hodgson, E. R. 

Bransden, B. H. : Deuteron producton in the collision of high energy neutrons with 
nuclei 

Bransden, B. H.: On ee S ieterecden and he elaetie ecattening at high- chen 
protons . : 

Brinkley, T. A., see Tieton, is, W. 

Brown, G. E., and Woodward, J. B. : Coherent pee of gamma-rays by bound 
penne 

Buckingham, R. A., eh SBeaew R. As ‘Diffusion 4 in pcos hea at ion, ire 
peratures (L) . : 

Butement, F. D.S.: A adiodeavet isomer Por 166 Ho : 

Butement, F. D. S., and Shillito, R. ; Radioactive gold Sones : 


Cade, R., and Smith-White, W. B.: On mechanical action in dielectrics (L) ° 
Calvert, J. M., see Allen, R. A. 

Campbell, I. D., and Prescott, J. R.: The structure of extensive showers 

Cassels, J. M., see Latham, R. 

Castagnoli, C., see Amaldi, E. 


Caunt, A. D., and Barrow, R. F. : The ultra-violet spectrum of a diatomic hydride (L) | 


Chambers, R. G.: The kinetic formulation of conduction problems 

Chambers, R. G. : The two-band effect in conduction 

Chambers, R. G., see Pippard, A. B. 

Chandrasekhar, B. S., and Mendelssohn, K.: Hellium IJ transfer on metal surfaces 
(L) : 2 : 

Chanson, P., see Becker, J. 

Cheeseman, I. C.: The structure of the long wave absorption edge of insulating 
crystals . : ; : : 

Cohen, A. V., see Thomson, D. M. 

Conway, M., see Nevin, T. E. 

Cooke, A. H., and Drain, L. E.: Proton magnetic resonance and molecular motion 
in solids , 

Coulson, C. A.: Alkyl afte: in ee acn epecten of aolccs acd Sie aromatic 
molecules : 

Coulson, C. A., see Doneseon, W. E. 

Coulson, C. A., and Taylor, R.:. Studies in graphite and related compounds : 
I—electronic band structure in graphite 5 : ; ‘ . , 

Coulson, C. A., see Taylor, R. 

Cranley, M., see Nevin, T. E. | 


Dalgarno, A.: The photo-ionization cross section of methane 

Dalgarno, A., see Bates, D. R. 

Dalitz, R. H.: On polarized particle beams 

Davies, W. T., see Harries, G. 

Desai, D. D. Korgaokar, Keto wana Lands B. B. : Transition SSrbiteash of some 
‘ band systeais of nitrogen (L) ; ; 

Desai, S. R., see Padhye, M.R. 

Dingle, R. B. - Derivation of the velocity of second sound from Maxwell’s equation 
of Ponstes (L) : 

Dingle, R. B. : The velocity of becond sound i in various media ; 

Dissanaike, G. A., and Newton, J. O. : The decay of the 2-4 Mev ives in °Be (L.. 


1087 


PAGE 


760 
368 


eA 


511 


894 


933 


3/4 
1044 
675 


1088 Index of Authors (with Titles) 


Domb, C.: On the use of a random parameter in combinatorial problems 
Downie, A. R., see Barrow, R. F. 
Drain, L. E., see Cooke, A. H. 

Drummond, G., and Barrow, R. F.: The dissociation energy of SnO (L) 
Drummond, G., and Barrow, R. F.: The ultra-violet absorption spectra of GeO, 
GeS, GeSe and GeTe . : ; 

Duftus, H. J., see Bogle, G. S. 

Duncanson, W. E., and Coulson, C. A. : Studies in graphite and related sapere : 
eomormentna distribution in braphice 

Durie, R. A.: The excitation and intensity distribution OF CH bands in Aaines 


Eades, R. G., see Andrew, E. R. 

Effat, K. E. meh Dissociation of molecular hydrogen ions in the cyclotron 

El-Bedewi, F. A.: Angular distribution of elastically scattered deuterons and Bice 
integration Sikes from the bombardment of beryllium by 7:7 Mey deuterons 

Elliott, R. J., and Stevens, K. W. H.: The paramagnetism of samarium ethyl 
sulphate : ona) (L) ; : : 

Elton, L. R. B.: On the scattering of fase electrons by mneles 

Elton, L. R. B. Rand Robertson, H. H. ;: On the radiative correction to ie onions 
scattering us electrons (L) 

Emeléus, K. G., see Sayers, N. D. 

Enderby, J. A., see Booth, F. 


Fletcher, G. C.: Density of states curve for the 3d electrons in nickel 

Folkierski, A. : The mass difference of sulphur 32 and chlorine 35 

Fremlin, J. H.: Artificial activity induced in carbon by fast ?He ions (L) 

Fremlin, J. H., and Walters, M. C.: An experimental investigation of the stability 
of nuclei against double beta-disintegration 

French, A. P., see Thomson, D. M. 


Galbraith, W., see Barclay, F. R. 

Gallagher, J. Es, see Hodgson, E. R. 

Garrod, R. I.: The use of gold lead as a reference material in the determination of 
lattice constants by electron diffraction (L) ? : 

Garton, W. R. S.: Investigations of atomic and molecular veorution, enectay {— 
general featutes: I1-Schumann region absorption spectrum of gallium vapour 

Garton, W. R. S.: Schumann region absorption spectrum of copper vapour. 

Gatterer, A., and Krishnamurty, S. G. : The spectrum of lutecium monoxide (L) 

Gaydon, and A. G., Wolfhard, H. G.: The spectrum line reversal method of 

measuring flame temperature. : é : ; : : : : 

Ghosh, S. K., Jones, G. M. D. B., and Wilson, J. G.,: Ionization in oxygen by 
jo-mesons (L) . ; : : ‘ : : : 3 : : 

Gigh, A., see Amaldi, E. 

Goward, F. K., and Wilkins, J. J.: Multiple resonance in photo-disintegration cross 
sections (L) ; : - : : ’ : 

Grace, M. A., Lemmer, H. R., faa Fiallban, H.: ‘The response of a Nal scintillation 
counter te slow and fast out ons : ‘ : : 


Grant, P. J.,: Some regularities in nuclear energy levels (L) 
Grant, P. J., see Richmond, R. 
Green, H. S. : The second virial coefficient near absolute zero 


Green, H. 8. band Messel, H. : On the theory of the angular and lateral spnebel of the 
nucleon COG RENE of the cosmic radiation 

Green, H. S., see Messel, H. 

Griffiths, G. M., and Warren, J. B.: Relative pair production cross section at low 
energies (L) ; ; ‘ 6 

Griffiths, J. H. E., see Bagguley, D. M. S. 

Griffiths, J. H. E., and Owen, J.: The nuclear spins of ®*Ru and !°'Ru (L) . 


PAGE 
305 
148 
Pag) 


825 
125 


433 
64 


370 
481 


145 


192 
1006 
762 


O4d 


68 


671 


456 
150 


1022 


689 


1050 


951 


Index of Authors (with Titles) 


Grithths, J. H. E., and Powell, J. A.: Anomalous dielectric loss in some of the 

alums i) : . ‘ : 
Gupta, S. N. ep cuaaseton a Binstein’ S vocavitations! elds linear approximation 
Gupta, S. N.: Quantization of Einstein’s gravitational field: general treatment . 


Halban, H., see Grace, M. A. 

Harries, G., and Davies, W. T.: The i Mev level of 1C (L) 

Harrison, G. E., and Seymour, ¥. D.: Thermal neutron capture cross SeeHOn of 
Bors (li) : ; 

Hayakawa, 5S. srt ee possible eos oF K-mesons in the. cosmic eauaton - 

Haywood, J. H. The equations of motion and coordinate condition in ener! 
relativity 

Hill, R.: The pipsuic Reeaaous of a tenetalline aera 

Hicchtack. A. J. M.: The structure of lithium 6 

Hodgson, E. R. ‘Gallacher, J. F., and Bowey, E. M.: Neutron total cross sections. 

Hodson, A. L.: The altitude semaiiea of penetrating showers 

Holt, J. R., od Marsham, T. N.: The deuteron stripping reaction spit alueuniune 
(L) : ; 

Howarth, D. J., and ike Els: ae eellatae rrethod of daeias eledtronie wave 
functions and eigenvalues in crystals, with applications to sodium . 

Hulm, J. K. ake ee thermal conductivity of pure metals at low temperatures (L) 

Hunt, S. E.: Some absolute determinations of proton—gamma resonances in the 
energy range below 500 kev 

Hutchinson, G. W. see Thomson, D. M. 


Ingram, D. J. E., see Bleaney, B. 
Ishiguro, E., nek T., Mizushima, M., and Kotani, M.: On the polarizability of the 
hydrogen macleanle ; : : é ‘ : : : : 


Jones, G. A., and Wilkinson, D. H.: The radiactive capture of protons in fluorine (L) 
Jones, G. M. D. B., see Ghosh, S. K. 
Jones, H., see Howarth, D. J. 


Kelley, F. M.: The nuclear magnetic moment of 127Au 

Klemens, P. G. : On @ values in the resistance of metals (L) 

Korgaokar, K. S., see Desai, D. D. 

Kotani, M., see Ishiguro, E. 

Kothari, L. S.: On a modified definition of Riesz potential for the meson case 

Krishnamurty, S. G., see Gatterer, A. 

Kuper, C. G., and Trevana, D. H.: The effect of dissolved gases on the tensile 
strength of liquids . ; : ; : . : 

Kursunoglu, Behram : Einstein’s anined held ricer 


Kynch, G. J.: The two-body scattering problem with non- eeentral force 
I—non-relativistic . 


I]—relativistic 
Kynch, G. J.: The calculation of scattering amplitudes 


Lagerqvist, A., Nilheden, G., and Barrow, R. F.: The near ultra-violet band- 
system (D—X) of silicon monosulphide . j 

Land, R. K., see Baer Or Reece 

Manasvers P. T.: A note on the theory of semiconductors 

Lang, A. R.: Soe sioth resolution of x-ray proportional counters (L) 

Lang, J. M. B.: Nuclear disintegrations by slow negative 4-mesons and photons. 

Latham, R., and Cassels, J. M.: The inelastic scattering of very slow neutrons by 
iron . 

Laud, B. B., see Desa D. ID). 

Le Couteur, K. J. :; Statistical fluctuations in piclens evaporation 

Lee, P. A., Stewardson, E. A., and Wilson, J. E.: The My ahsoredien pdees ot 
Tm and Er and the origin of the ErMy Ree lines (L) . : f 


718. 


668 


1090 Index of Authors (with Titles) 


PAGE 

Lemmer, H. R., see Grace, M. A. 
Levine, S., and Sesdauy. A.: Free energy of the double layers of two sien) plates 

in a 1-2 electrolyte . ‘ ‘ , b : : : - AOS 
Lewis, G. M., see Wilson, H. W. 
Lichtblau, H., see Muirhead, E. G. 
Lidiard, A. B. Spin degeneracy ond the theorey of collective electron ferro- 

one ie : F ; ; : : : : ; : : 885 
Link, W. T., see Walker, iD). 
Pitder, D.J.: A determination of the rate of emission of spontaneous fission neutrons 

by natural uranium ak : : é ; E : : 203 
Littler, D. J., see Aitken, K. ee 
Livesey, D. L., and Smith, C. L. : The photo-disintegration of nitrogen-14 nuclei(L) 297 
Livesey, D. ie and Smith, C. L.: Resonance effects in the photo-disintegration of 

'6Q nuclei into four «-particles (L) . : ; 3 , : : es 
Lockett, E. oe see Aitken, K. L. 
Lord, M. P.: Further evidence for the Lord—Rees—Wise theory of luminescence 

Wesae of ZnS Ag (L) : 5 pore) oi 
Lowde, R. D.: Diffuse reflection a neutrons fae a ‘sinale eval (L) P - Sod 


McCusker, C. B. A., and Miller, D. D.: Local oe showers from water and 


carbon (L) . d : : 758 
McWeeny, R.: The dianapniedé anicttopy oF farce. aromatic syscemiee IV—the 

polyacenes. 5 : 839 
Mandl, F., and Skyrme, T. e R. vanahy oe of Wighieneras neutron production : 101 


Marsham, T. INS seer klolt | aR: 

Massey, H. S. W., and Mohr, C.'B. O.: Strong coupling in inelastic collisions of 
electrons with atoms : : , f j ; : : : : 845 
Mee, C. D., see Bates, L. F. 

Mendelssohn, K., see Chandrasekhar, B. S 

Mendelssohn, K., and Rosenberg, H. M.: The thermal conductivity of metals at low 


temperatures : I—the elements of groups 1,2 and3 . : : 2 : 385 
IJ—the transition elements : 388 

Messel, H.: The solution of the fluctuation problem in micas de enue 

Peace nuclear matter. 465 
Messel, H., and Green, H. Si: The areolar diseibution ae scattered guclons a 

high energy nuclear collisions . ; , : : : : ; : 245 
Messel, H., see Green, H. S. 
Messel, H., and Potts, R. B.: The solution of the fluctuation Sao in a finite 

pbeorhe: for nucleon cascades : : ~ | Aes 
Messel, H., and Potts, R. B. ae on the fldctuation problend 4 in cabcate cheorye 854 
Middleton, R., and Tai, Ge T.: Angular distributions of saa groups from 

Hetceron bombavdaent of neon ‘ : : i : : : 752 
Millar, D. D., see McCusker, C. B. A. 


Mizushima, M., see Ishiguro, E. 
Mohr, C. B. O., see Massey, H. S. W. 


Moss, T’. S.: Properties of films of non-metallic ey (ayer f 147 
Muirhead, E. G., Spicer, B. M., and Lichtblau, H.: The angular distibtiven os 
synchrotron target mciadon : : : ; : : : : d 59 


Nageotte, E., see Becker, J. 


Néel, Louis : Antiferromagnetism and fos naE RS ete (7th Holweck Lecture) Fe Glo) 
Nevin, 'T. E., Conway, M., and Cranley, M.: The rotational analysis of the (0, 0) 

and (0, 1) bands of the, “IIT + 7 system of manganese deuteride . 115 
Newhouse, V. L. : Discontinuities in the variation of magnetization with feaperscere 325 
Newns, H. C. : The theory of (d, t) reactions . : : : : = » OIG 


Newton, J. O. see Dissanaike, G. A. 
Nilheden G., see Lagerqvist, A. 


Index of Authors (with Titles) 


Olsen, J. L. : Heat transport in lead—bismuth alloys . 
Owen, E. A. : The crystal parameters of beryllium (L) 
‘Owen, J., see Griffiths, J. H. E. 


Padfield, D. G.: The range of tensor forces in the deuteron ground state. 

Padhye, M. R., and Desai, S. R.: Long wavelength absorption band of thiophene (L) 

Palmer, G. H., see Aitken, Rere. 

Parker, W. G. see Wolfhard, H. G. 

Pashley, D. W.: Oriented deposits on crystalline substrate. ‘ : c 

Phillips, K. : The experimental determination of the spectrum of a betatron . 

Pillow, M. E.: Intensities in band-systems of O, and O,+ (L) ; 

Pippard, A. B., and Chambers, R. G. : The mean free ane of conduction eeewons 
in bisssuth (L) : ; : : : 

Poole, M. J. : Neutron flux and Pee cea measurement 

Potts, R. B. : A combinatorial problem in electron—photon Cascade cory 

Potts, R. B., see Messel, H. 

Powell, J. ‘A., see Griffiths: iis Tee 1S. 

Power, E. A. : Pes nature of the neutral 7-meson (L) F ? 

Prescott, J. R.: The transition effect for cosmic-ray bursts at small chicineenes ee 
lead : 

Prescott, J. R., see Campbell 1. nw 

Price, B. T., see Becker, J. 

Price, P. J. : Classical theory of compressibility 

Pryce, M. H. L. : A theoretical attempt to predict the excited states of muelel a in the 
Ee cupouchood OL 22D b : : 

Pryce, M. H. L.: see also Corrigendum . 


Raffle, J. F., see Ashmore, A. 

Ramanathan, K. G.: Infra-red absorption by metals at low temperatures 

Report of the Coneases Meeting of the General Assembly of the Iaccrosnonal 
Union of Pure and Applied Physics : 

Richmond, R., Grant, P. J., and Rose, H. The Res of 188Re ; 

Riley, D. R., see Arndt, V. W. 

Robertson, . Elesee Eltons ak. 5. 

Rose, H., see Richmond, R. 

Rosenberg, H. M., see Mendelssohn, K. 

Rothwell, P., see Becker, J. 


Satchelor, G. R., and Spiers, J. A.: Angular distribution of y-radiation following a 
deuteron SPP ae reaction : : : : ; : 

Sayers, N. D.: Meinel’s infra-red erat Rial (oy 

Sayers, N. D. ,and Emeléus, K. G. : Experiments on production As Acree seghalann 

Schonland, D. S.: On the Neen of multiple scattering measurements . 

Sciuti, S., see Acte 1D 

Scovil, H. E. D., see Bogle, G. S. 

Scovil, H. E. D., and Stevens, K. W. H.: The ‘ extra’ levels in rare earth salts (L) 

Scriven R. A., see Buckingham, R. A. 

Seymour, F. D., see Harrison, G. E. 

Sharpe, J. : Energy per ion pair for argon with small admixture of other gases (L) . 

Shillito, R., see Butement, F. D. S. 

Shuler, K. E. ; On the vibrational tpensiacn probabilities in electronic transitions (L) 

Siday, R. E., and Silverston, D. A.: The construction and testing of a magnetic 
prism p- -spectrograph of high Sesion with a note on the reported fine- 
structure of certain internal conversion lines of RaC.C’. 

Silverston, D. A.: The re-investigation of some photoelectron Hx of thonitina 
(B+C) . 

Silverston, D. as see Sider R. E. 

‘Simmons, D. H.: The range-energy relation for protons in aluminium 


Tus 
962 


532 


299 
484 


980 
152 
219 
640 


Ohyn 


859 


70 


328 
344 


454 


1092 Index of Authors (with Titles) 


Skyrme, T. H. R., see Mandl, F. 

Smith, C. L., see Livesey, D. L. 

Smith, W. I. B., see Walker, D. 

So eo W. B., see Cade, R. 

Smollett, M.: The sted uaney: spectrum of a two-dimensional ionic lattice 

Sondheimer, E. H.: A note on the theory of conduction in metals (L). 

Sondheimer, E. H. : The thermal conductivity of metals at low temperatures a. 

Spicer, B. M., see i loisiead. ERG: 

Spiers, J. A., and Blin-Stoyle; R. J.: A formulation of B-decay theory for forbidden 
transitions of arbitrary order : I—selection rules and energy spectra : 

IJ—angular distributions 

Spiers, J. A. see pie iag ts. G.R. 

Steenberg, N. R. ee angular distribution of y-radiation from aligned nuclei 

Stevens, K. W “Hi. Line width in ferromagnetic resonance (L) . : 

Stevens, K. W. He Matrix elements and operator equivalents connected wilh (ie 
magnetic paeperties of rare earth ions 

Stevens, K. W. H., see Elliott, R. J. 

Stevens, K. W. H., see Scovil, H. E. D. 

Stewardson, E. A., see Lee, P. A. 

Suddaby, A., see Levine, S. 


Tai, C. T., see Middleton, R. 

Taylor, R., and Coulson, C. A.: Studies in graphite and related compounds : 
I]J—electronic band structure in boron nitride 

Taylor, R., see Coulsens Crag 

Temperley, H. N. V.: On the relationships between the Landau and London—Tisza 
models of liquid heliurn II ; . : 5 : : 

Temperley, H. es V.: A new theory of oad feucey 

Teviotdale, A.: Zener’s treatment of ferromagnetism (L) 

Theimer, O. On the relations between the photo-elastic properties and the Ramon 
effect in een é 

Thomson, D. M., Cohen, A. We Preach A. P., and Hutehineon: G. W. ; : The 
angular aetibesen of fonee range alpha- parceles from the bombardment of 
boron-11 by protons : : : ; : 5 ; ; 

Titterton, E. W., and Brinkley, T. A.: The forbidden nature of the reaction 
SLi(y, d)*He ae y-rays of energies up to 17-6 Mev (L) 

Treille, P., see Becker, J. 

Trenam, R. S., see Bleaney, B. 

Trevena, D. H., see Kuper, C. G. 

Tunnicliffe, P. R., and Ward, A. G.: The relative ionization produced by low 
energy protons, deuterons and alpha-particles in various gases 


Walker, D., Link, W. T., and Smith, W. I. B.: A search for the nuclear reaction 
4He (a, n) "Be (L) 

Walker, J. : **Kr—the possible existence i a muck fevel PreCouinG the mecastable 
state 

Walters, M. C. The anoine of pocuoround erAcks a shielded! electronccensiee 
ennuleione (L) ; 

Walters, M. C., see Fremlin, i Il, 

Ward, A. G., see Tunnicliffe, P. R. 

Warren, J. B., see Griffiths, G. M. 

Welti, D., and Barrow, R. F.: The absorption spectra of gallium and indium 
monofluorides 4 ; : 

Whitehouse, W. J., see Barclay, F. R. 

Wilkins, J. J., see Goward, F. K. 

Wilkinson, D. H., see Jones, G. A. 

Wilson, H. W., and Lewis, G. M.: Decay schemes of 1°4Sm and Eu 


PAGE 


109: 
561 
562 


801 
809 


791 
149 


209 


233 


861 


449 


959 


629° 


656- 


Index of Authors (with Titles) 


Wilson, J. E., see Lee, P. A. 

Wilson, J. G., see Ghosh, S. K. 

Wohlfarth, E. P.: Energy of a Bloch wall on the band picture (L) 

Wolfhard, H. G., see Gaydon, A. G. 

Wolfhard, H. G., and Parker, W. G. : peeeeapen ral investigation into the structure 
of diffusion Sone : ; ; . ; 

Woodward, J. B., see Brown, G. E, 

Wu, Ta-You : The vibrational overlap integral and the intensities in band-systems 
of diatomic molecules 

Wyard, S. J.: Intensity Higtabution! of Bremeccahlune Got era: -rays (L) 


Yadav, H. N. aie scattering of positrons by nuclei (L) : ; 
York, Carl M. Note on the differential momentum spectrum of cosmic-ray protons 
at sea locos | (L) 


Zandy, H. F.: The My, and My absorption edges of *°Pr, °°Nd, ®°2Sm and ®Eu 
Ziman, J. M.: Antiferromagnetism by the spin wave method : I—the energy levels 
Il—magnetic properties 


1093 


PAGE 


1094 


INDEX TO REVIEWS OF BOOKS 


Annual Reviews Inc. : Annual Review of Nuclear Science, Vol. 1, 1952 
Atomic Scientists’ Association : Atomic Scientists’ News, Vol. 1, No. 1. 
Attwood, C.: Advanced Five-Figure Mathematical Tables 


Baitsell, G. A. (Ed.) : Science in Progress . 2 : é 

Bijvoet, J. M., Kolkmeyer, N. H., and MacGillavry, (Se H. | Xray aries eS 
Crystals : : : ; 

Bozorth, R. M. i Bel hte pate Pe 

Brown, R. C. : Heat : 

Burhop, E. H. S.: The CHallense oF Aion Bieri 


Centre National de la Recherche Scientifique : Oeuvres scientifiques de Paul Langevin 

Colloques Internationaux du Centre National de la Recherche Scientifique, 
XXVIII: Ferromagnétisme et Antiferromagnétisme 

Cordebas, R. : ae Conceptuel ou Qualitatif . é 

Corson, E. M.: Perturbation Methods in the Quantum Mechaies of n- SHecwen 
Systems 

Couffignal, L.: Les arhines a ne 

Coulson, C. A Valence 


Dauvillier, A. : Variations et origine du rayonnement cosmique 
De Groot, S. R. : Thermodynamics of Irreversible Processes . 


Eckert, E. R. G. : Introduction to the Transfer of Heat and Mass . 


Fischer, O. F. : Universal Mechanics and Hamilton’s Quaternions 
Forster, Th. : Fluoreszenz Olgas Verbindungen 
Friedel, R. A., and Orchin, M.: Ultraviolet Spectra of aromas Connoune? 


Graves, A. G., and Froman, D. K. (Ed.): Miscellaneous Physical and Chemical 
Techniques of the Los Alamos Preject . P : : : : : 

Grobner, W., and Hofreiter, N.: Integraltafel. Erster Teil: Unbestimmte sags 
Zweiter Teil: Bestimmte Integrale 

Guggenheim, E. A.: Mixtures—The Theory on the Eqaibrses Properties of some 
Simple Classes of Mixtures, Solutions and Alloys . 


Heisenberg, W. neotenic Problems of Nuclear Science 

Henisch, H. K. Semi-Conducting Materials. Proceedings of the Rovdine 
Contersnce 10th to 15th July 1950 

Henry, N. F. M., Lipson, H., and Wooster, W. A. : The Toto perenne of Peres 
Bian jaleverse ye : 3 : 

Hercus, E. oe : Elements of Thered vane aha Sioned “Mec homes ; 

Efe rian, IL, EDs onary of Mathematical Sciences. Vol. 1 

Fanon, Re os : Ain Introduction to Mathematical Physics . 


Jellinek, K.: Versténdliche Elemente der Wellenmechanik. Vol. 1 ; 
Jerrard, H. G., and McNeill, D. B. : An Introduction to Experimental Physics 
Jouaust, R.: Diélectriques solides : : ; ‘ : ‘ : 


Kirshenbaum, I. : Physical Properties and Analysis of Heavy Water 


Landau, L., and Lifshitz, E.: The Classical Theory of Fields 

Landé, A. : Quantum Nees 

Lewis, B., aad von Elbe, G. : Cnn, Paes one Replies ee ene 
Lohr, E.: Vektor- und Dyatemmeninute fiir Phystker und Techniker 


’ 


PAGE 
1068 
568 
678 


1066 


766 
678 
681 
680 


682 


156 
158 


767 
960 
1072 


571 
154 


864 
154; 


155 
768 


Index to Reviews of Books 


Madelung, E.: Die mathematischen Hilfsmittel des ees 

Moller, C.: The Theory of Relativity 

Moroney, M. J. : Facts from Figures 

Mott, N. F.(Ed.): Advances in Physics: A Ouariedy Supplement ¢ to the Philosophical 
Magazine, Vol. 1, No. 1, January 1952 


Nowacki, W. : Fouriersynthese von Kristaller und ihre Anwendung in der Chemie 


Phillips, H. B. : Differential Equations 


Sawyer, R. A. : Experimental Spectroscopy ; 

Schouten, J. A.: Tensor Analysis for Physicists 

Schreier, O., and Sperner, E. : Introduction to Miadern Aleeiea ee Miri Theil 

Simon, F. Bs Kurti, N., Allen, J. F., and Mendelssohn, K.: Low Temperature 
Physics : Four Poe ; é ; : : é ‘ 

Smart, E. H.: Advanced Dynamics, Vols i and II 

Smith, R. A.: The Physical Principles of He a ; 

Sneddon, I. N. : Fourier Transforms 

Sommer, A. : Photoelectric Tubes 


Taylor, D.: The Measurement of Radio Isotopes 
Tranter, C. he Integral Transforms in Mathematical Piyacs 


De Vries, Louis : French-English Science Dictionary 


Wawilow, S. I. : Isaac Newton : 

Whitehead, S. : Diam Breakdown of Golds 
Wilson, J. G. (Ed. ): Progress in Cosmic Ray Physics 
Wilson, W.: A Hundred Years of Physics . 


Zemansky, M. W.: Heat and Thermodynamics . 


